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Abstract 

We investigate the LHC discovery potential for electroweak scale heavy neu- 
trino singlets (seesaw I), scalar triplets (seesaw II) and fermion triplets (seesaw 
III). For seesaw I we consider a heavy Majorana neutrino coupling to the elec- 
tron or muon. For seesaw II we concentrate on the likely scenario where the 
new scalars decay to two leptons. For seesaw III we restrict ourselves to heavy 
Majorana fermion triplets decaying to light leptons plus gauge or Higgs bosons, 
which are dominant except for unnaturally small mixings. The possible signals 
are classified in terms of the charged lepton multiplicity, studying nine different 
final states ranging from one to six charged leptons. Using a fast detector simu- 
lation of signals and backgrounds, it is found that the trilepton channel I'^i^i^ 
is by far the best one for scalar triplet discovery, and for fermion triplets it is as 
good as the like-sign dilepton channel For heavy neutrinos with a mass 

O(IOO) GeV, this trilepton channel is also better than the usually studied like- 
sign dilepton mode. In addition to evaluating the discovery potential, we make 
special emphasis on the discrimination among seesaw models if a positive signal 
is observed. This could be accomplished not only by searching for signals in 
different final states, but also by reconstructing the mass and determining the 
charge of the new resonances, which is possible in several cases. For high lumi- 
nosities, further evidence is provided by the analysis of the production angular 
distributions in the cleanest channels with three or four leptons. 



1 Introduction 



The near operation of the Large Hadron Collider (LHC) represents a remarkable op- 
portunity to explore physics beyond the electroweak scale. In particular, physics at 
higher scales can be explored in the lepton sector [1], where the only evidence of physics 
beyond the Standard Model (SM) has been found up to now, namely massive neutri- 
nos. Many theories have been proposed to enlarge the SM incorporating tiny neutrino 
masses, as required by experimental data [2]. Among them, seesaw models explain 
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their smallness by introducing extra matter at a high scale. After integration of these 
heavy fields, the lepton number violating (LNV) dimension five operator [3] 



(1) 



is generated, where 




I = 



1,2,3 



(2) 



are the SM left-handed lepton doublets, the SM Higgs and (j) = iT2(f)*, with Tj the Pauli 
matrices. This operator yields Majorana masses for the neutrinos after spontaneous 
symmetry breaking. At higher energies neutrino masses can be generated from higher 
dimension operators involving extra fields (see for example Ref. [4]) but when all heavy 
degrees of freedom are integrated the operator in Eq. ([T]) is recovered. 

There are three types of tree-level seesaw mechanisms which originate the operator 
in Eq. ([T]), which is the only five-dimensional one allowed by the SU(3) x S\J{2)lX U(l)y 
gauge symmetry. The original seesaw [5-8], also known as seesaw of type I, introduces 
right-handed neutrino singlets iV at a high scale. Type II seesaw [9-13] enlarges the 
SM with a complex scalar triplet A with hypercharge Y = 1, and seesaw III [14, 15] 
introduces colourless fermionic triplets S with Y = 0. Both seesaw I and II are present 
in left-right models [16, 17]. Combinations of seesaw I and III are predicted in some 
grand unified theories [18-20], and can be implemented in left-right models as well [21]. 

The three types of seesaw mechanism generate not only the dimension five operator 
which gives light neutrino masses, but also additional lepton number conserving (LNC) 
dimension six operators, which are different in each seesaw scenario [22, 23] (see also 
Ref. [24]). Therefore, seesaw models may in principle be discriminated, albeit indirectly, 
with precise low-energy measurements sensitive to these dimension six operators. The 
seesaw messengers A^, A, S can also be produced at LHC if their masses are not very 
large but of the order of the electroweak scale and, in the case of neutrino singlets, if 
their mixing with the SM leptons is of order 10~^ or larger. Therefore, LHC gives a 
unique chance to uncover the mechanism of neutrino mass generation if these heavy 
states are directly observed. 

The production of heavy neutrinos [25-30], scalar triplets [31-36] and fermion 
triplets [37] and their possible signals have been extensively studied in the literature. 
In this paper we take a novel approach to their analysis. Instead of classifying signals in 
terms of the particles produced in the hard process and studying one or more particular 
channels, we classify them by the signatures actually seen at the experiment, generat- 
ing all the signal contributions. As the number of jets in the final state is not a good 
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discriminant due to radiation and pile-up. signals are classified in terms of the charged 
lepton multiplicity, and the number of hard jets is considered only in few special cases 
as an extra information for the kinematical reconstruction. We believe that this is a 
more appropriate choice from the experimental point of view. An essential feature of a 
real experiment is that the observed final states receive in general contributions from 
several signal processes and, conversely, one given signal process contributes to several 
final states if, for example, one or more charged leptons are missed by the detector. 
Both effects are taken into account in our analysis, which includes the effects of ra- 
diation, pile-up and hadronisation, performed by a parton shower Monte Carlo, and 
uses a fast detector simulation. Within a given seesaw scenario we simulate all signal 
processes and then examine thoroughly the relevant final states, nine in total, ranging 
from one to six charged leptons. 

A second difference with respect to previous literature concerns the guiding principle 
of the analyses performed. Due to the profusion of new physics scenarios to be tested 
at the LHC it is expected that, at least in a first phase, searches will be inclusive to 
some extent and rather model-independent, in order to be sensitive to different types 
of new physics contributing to a given channel. For example, it is not likely that, in the 
absence of a strong physics case, a final state with two like-sign leptons, large missing 
energy, two jets with an invariant mass consistent with the W mass and two additional 
jets will be examined right from the beginning of LHC operation. On the contrary, 
searches are expected, for example, for inclusive final states with two like-sign leptons, 
as it has already been done at Tevatron [38]. (With this philosophy, our classification 
of signals in terms of lepton multiplicity is perfectly suited.) Then, in our analyses we 
will not set fine-tuned kinematical cuts on many variables to enhance the signals, but 
our criteria for variable selection and background suppression will be rather general, 
and in most cases valid for seesaw I, II and III signals. In this way, our results and 
procedures will be adequate for model-independent searches in the multi-lepton final 
states. Of course, if some hint of new physics is found the analyses can be refined 
and adapted to some particular scenario, in order to reconstruct the resonance masses 
and/or enhance the sensitivity. 

Finally, we pay a special attention to the discrimination among models if a positive 
signal is found. This study is far more involved than the "simple" observation of a new 
physics signal from seesaw messengers in one or few particular channels, to which most 
previous literature has been devoted. On the contrary, model discrimination requires 
a systematic analysis of all possible final states and the reconstruction of the new 
resonances when possible. The three types of seesaw can give signals with one, two 
and three charged leptons, plus a variable number of jets (which, as stressed before, is 
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not very indicative because of radiation and pile-up, added to the difficulty of the mass 
reconstruction in hadronic channels) . Final states with four charged leptons £'^i~^£~i~ 
(with i = e, fi, including all flavour combinations of the four leptons) only arise in 
seesaw II and III scenarios, and i^i^i^i"^ signals only in seesaw III, as well as five 
and six lepton final states. Therefore, a first straightforward discrimination of seesaw 
models results from considering the final states in which the signals can be seen and 
their statistical significance, which are not the same for seesaw I, II and III. Moreover, 
if a positive signal is found in a given channel, the mass reconstruction of the heavy 
resonance can be often performed and its charge measured, giving clear direct evidence 
for the production of the new particle. For example, doubly charged scalars 
produced in seesaw II models often give from their decay a signal consisting of two 
like-sign leptons with an invariant mass very close to Ma++, whereas the spectrum of 
like-sign dilepton invariant masses in seesaw I and III does not exhibit any peak. For 
high integrated luminosities, the opening angle distribution can also be tested in the 
cleanest channels, giving evidence for the scalar or fermionic nature of the heavy states 
produced. 

We also have to point out that, since the main interest in the arrival of the LHC era 
is in early discoveries (and a luminosity of 300 fb^^ will not be available until several 
years of LHC operation, in the optimistic scenarios), we have concentrated our study 
on seesaw messengers with masses close to the electroweak scale, which in the case of 
seesaw II and III would be quickly discovered after quality data are available. Thus, 
for heavy neutrino singlets we have assumed a mass rriN — 100 GeV, while for scalar 
and triplet fermions the mass has been taken as 300 GeV. We have found that the best 
channel for discovery, balancing large signal branching ratios and small backgrounds, 
is the trilepton one i'^i'^i^. For scalar triplets of this mass, 5a discovery would be 
possible with only 3.6 fb~^ of luminosity for normal neutrino mass hierarchy (NH) and 
0.9 fb~^ for inverted hierarchy (IH). For fermionic triplets the luminosity needed is 2.5 
fb~^, while for heavy neutrino singlets it is much larger, around 180 fb~^. A clean 
model discrimination would be possible within the first LHC year with 10 fb~^. 

In this paper we work out the minimal seesaw I-III scenarios without new interac- 
tions. It is worth mentioning that the latter can mediate new production mechanisms 
of seesaw messengers, for example, heavy neutrinos in models with left-right symmetry 
and an additional Wr boson [39-42], models with an additional Z' [43,44] or with new 
scalar doublets [45,46]. The same type of signals can also be produced by fourth genera- 
tion neutrinos [47]. New interactions can also lead to predictive indirect seesaw signals, 
as for example in type II seesaw in the context of supersymmetric models [48-50]. Al- 
ternatives to the seesaw mechanism are also possible, for example in i?-parity violating 
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supersymmetric models, leading to interesting connections between neutrino physics 
and collider observables [51-53] (for reviews see Refs. [54,55] and references there in). 

The rest of this paper is organised as follows. In section [2] we write down the rele- 
vant Lagrangian terms for the three seesaw types. We concentrate on the interactions 
mediating the production and decay processes considered in this work using a notation 
that, while being general, is intended to be standard and of easy use for readers not 
familiar with the models introduced. In section [3] we describe in detail the common 
features of the analyses, which are performed in sections [4], [5] and [6] for heavy neutri- 
nos, scalar triplets and fermion triplets, respectively. We begin these sections with a 
short introduction, and conclude them with a summary highlighting the main results, 
so that the reader may skip the details. Our conclusions are drawn in section [71 In the 
Appendix we give the Feynman rules used in the Monte Carlo generators. 



2 General framework 

In this section we introduce the different seesaw models, set our conventions and write 
the Lagrangian terms relevant to the production and decay processes studied here. We 
keep the notation as simple as possible and similar for the three types of seesaw mech- 
anism. Constraints on the mixing of the new fermions and scalars are briefly reviewed 
at the end of each subsection. The Feynman rules are collected in the Appendix. 

2.1 Seesaw I 

Type-I seesaw is usually implemented by adding three right-handed current eigenstates 
A/"-^, i = 1,2,3, transforming as singlets under the SM gauge group. This allows to 
write a Yukawa interaction for neutrinos analogous to the one for charged leptons, 

/:Y = ->^.,I^Ar;^0 + H.c., (3) 

where y is a 3 x 3 matrix of couplings and L'-j^ the SM lepton doublets (in the weak 
eigenstate basis). This interaction generates a mass term upon spontaneous symmetry 
breaking 

with V = 246 GeV. Since N-j^ are SM singlets, gauge symmetry allows a Majorana mass 
term 

£m = -^M,,A^A^;« + H.c., (5) 
5 



with M a 3 X 3 symmetric matrix and = N'i'^^ Defining u'-j^ = u'-l, where i/-^ are 
the SM neutrino eigenstates, the full neutrino mass term reads 

- ir) (s) 

The neutrino gauge interactions are the same as in the SM, 

= -t^^'.lY^'.lZ,, (7) 

with /-^ the charged lepton weak eigenstates and cw the cosine of the weak mixing 
angle. The interaction with the Higgs boson H, with the usual normalisation 0° = 

{v + H + ix)/V2, is 

= --^(i^:^F.,iv;^ + iv;^i^k'L) ^- (8) 

Then, the relevant interaction terms for the heavy neutrino mass eigenstates Ni ~ 
N-j^ can be obtained by diagonalising the mass matrix in Eq. ^ and rewriting the 
interactions in the mass eigenstate basis (for details see for example Refs. [56,57]). For 
a heavy Majorana neutrino N (dropping the subindex) and / = e, /x, r we have 

Cw = {ViN h'PiN w- + v^^ n^^PlI w;) , 

Cz = --^ {VmiyiYPLN + Vi%NYPLiyi) Z^, 

= -^{ViN'yiPRN + Vi%NPLUi)H, (9) 
where miv is the heavy neutrino mass and 

VlN - -7= (10) 

is the mixing between the charged lepton I and the heavy neutrino N. Due to the 
Majorana character of and ui, the last terms in the Z, H Lagrangians can be 
rewritten, 



Cz = --^uinViNPL-Vi%PR)N Z^, 



Ch = -^-^ui{VimPr + V:^Pl)N H . (11) 



^We avoid writing parentheses in charge conjugate fields to simpHfy the notation, and write tpl 
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In the absence of any particular symmetry in the Yukawa couplings, light neutrino 
masses are of the order Y'^v^ /2miy, and the heavy neutrino mixings are V/a? ~ 
^myjmfq. Hence, for a heavy neutrino within LHC reach, say with a mass ttiat ~ 100 
GeV, its seesaw-type contribution to light neutrino masses is of the order of 300 GeV, 
requiring very small Yukawas Y ~ 10~^ to reproduce light neutrino masses rriy ~ 0.1 
eV. Moreover, the natural order of magnitude of the mixings is O(10~^), too small 
to give observable signals. In models with approximate flavour symmetries the to- 
tal Y'^v^ jlm^ contribution to light neutrino masses can be suppressed [58-61] and the 
mixings decoupled from the light/heavy mass ratio [62]. In the specific realisations con- 
sidered in the literature, the symmetry advocated to naturally reproduce light neutrino 
masses with electroweak scale heavy neutrinos is lepton number [63], in which case the 
heavy neutrinos are quasi-Dirac instead of Majorana particles and the phenomenology 
is different, in particular their decays. In this work we will not address how to build a 
realistic model in which heavy Majorana neutrinos appear with non-negligible mixings, 
but we will simply take the Lagrangian in Eqs. ([9l) as a phenomenological one, in order 
to investigate the LHC potential to discover heavy Majorana neutrinos. The prospects 
for Dirac neutrinos at the electroweak scale, which appear more naturally in seesaw 
models, are discussed elsewhere [64]. 

Even if we put aside the connection between heavy neutrino mixing and light neu- 
trino masses, the former must be small due to present experimental constraints. Elec- 
troweak precision data set limits on mixings involving a single charged lepton [65-69]. 
Using the latest experimental data, the constraints at 90% confidence level (CL) are [69] 



< 0.0030 . 



< 0.0032 



< 0.0062, 



(12) 



i=l 



which in particular imply constraints on the individual mixings Vin of a heavy neutrino 
A^. These constraints are particularly important since they determine the heavy neu- 
trino production cross sections at LHC (see next section). From lepton flavour- violating 
(LFV) processes [62,70-72] one has constraints involving two charged leptons. 



tiNi 



< 0.0001 



1=1 



< 0.01 



< 0.01. 



(13) 



In the absence of some cancellation among heavy neutrino contributions (which could 
be possible [73]) this bound implies that a heavy neutrino cannot have sizeable mixings 
with the electron and muon simultaneously. Notice that the constraints in Eqs. (fT3ll 
can be easily evaded, for example, if each heavy neutrino mixes with a different charged 
lepton. 
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For Majorana neutrinos coupling to the electron the experimental bound on neu- 
trinoless double beta decay also constrains their direct exchange [74] 

E ^eN. — 
1=1 

If VeNj saturate the bound in Eq. (fT2ll . this limit can be fulfilled either demanding 
that rriNj are at the TeV scale [75] and then beyond LHC reach, or that there is 
a cancellation among the different terms in Eq. ( fT4l) . as it may happen in definite 
models [59], in particular for (quasi) Dirac neutrinos. 



< 5 X 10-^ GeV" 



(14) 



2.2 Seesaw II 

In type II seesaw light neutrinos acquire masses from a gauge-invariant Yukawa inter- 
action of the left-handed lepton doublets with a scalar triplet A of hypercharge Y = 1 
(with Q = + Y) . Writing the triplet in Cartesian components A = (A^, A^, A^), 
the Yukawa interaction reads 



1 

3^ 



Cy = —YijL,L{T- A)L,L + }l.c., (15) 



with 

LjL = IT2 j (16) 

and Y a symmetric matrix of Yukawa couplings. We assume without loss of generality 
that the charged lepton mass matrix is diagonal, and drop primes on the neutrino 
fields, which are taken in the flavour basis z/g, v^, Vr- The triplet charge eigenstates are 
related to the Cartesian components by 

A++ = ^(A^ -zA2), A+ = A3, AO = ^(A^ +iA2). (17) 

When the neutral triplet component acquires a vacuum expectation value (vev) (A°) = 
va, the Yukawa interaction in Eq. (fTSl) induces a neutrino mass term 



>Cmass = ->^i>A l^iL J^jR + H.C. 



2 

where we have again introduced the notation z/j^ = z/j?^^, and 



-l-MijUiLU.R + R.c, (18) 



M,, = 2Y*^v^ (19) 
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are the matrix elements of the light neutrino Majorana mass matrix. These equations 
imply the relation 



Y 



(V* /If^'^ST/t V. 



(20) 



which allows to determine the triplet Yukawa couplings from the diagonal neutrino mass 
matrix M'^'^s, the triplet vev and the Maki-Nakagawa-Sakata mixing matrix [76,77] 

^MNS- 



The triplet Yukawa interaction in Eq. (iTSl) also generates triplet couplings to the 
charged leptons. The relevant terms for our analysis are 

Cmu = V2FijI7^/jLA+ + V2F,,/7^z/i^A-, (21) 
where A"" = (A++)t and A" = (A+)t, as usual. 

The gauge interactions of the triplet components are obtained from the kinetic term 



where the covariant derivative is 

D^ = d^ + igf ■ + ig'YB, 

with 
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(22) 



(23) 



(24) 



and = {W^, W^, W^^), the SU(2)i gauge fields, with 



(25) 



The gauge interactions mediating scalar triplet pair production processes in our analysis 
are 



w 



-ig [{d>'A—)A+ - A— (c'^A^ 
-ig [{d^A-)A++ - A-id^A^^ 



W, 



JO-, 



Cw 



(1 - 2sl) [(a^A--)A++ - A-(9^A++)] 



-—sw [(5^A-)A+ - A-(9^A+)] Z,, 

Cw 

i2e [{d^A—)A++ - A^ (9^'A++)] 
+ie [(a'^A-)A+ - A-{d^A+)] . 



(26) 



9 



Constraints on the triplet parameters are much less important than for heavy neu- 
trino singlets, because the new scalars can be produced at LHC by unsuppressed gauge 
interactions. Electroweak precision data set an upper limit on the triplet vev va- The 
most recent bound obtained from a global fit is [78] 

va<2 GeV , (27) 

which is much less stringent than the one derived from neutrino masses, Eq. (fTOll . if Vij 
are of the order of the charged lepton Yukawa couplings. The relative values of f a and 
Yij, whose product is fixed by Eq. (fTOll . determine the decays of the scalars (a detailed 
discussion can be found in section [5]). Limits on arise from four-fermion processes 
like fi~ ^ e~^e~e^ , T ^ 3i, as well as LEV processes as ^ 67 [23,79]. Constraints on 
products of two Yij are of the order 10~^ or larger [23], much weaker than the expected 
size for these couplings, except for the product 

iFeei;;! < 2.4xl0-^ (28) 

which is obtained from /i^ e+e^e^. These constraints are automatically satisfied if 
Yij are of order 10^^, which is consistent with our assumption that the dilepton modes 
dominate the charged scalar decays (see section [5]). 

2.3 Seesaw III 

In type III seesaw the SM is usually enlarged with three leptonic triplets Sj, each 
composed by three Weyl spinors of zero hypercharge. We choose the spinors to be 
right-handed under Lorentz transformations, following the notation in Refs. [23, 80] 
to some extent. Writing the triplets in Cartesian components T,j = (Sj, S^, S|) and 
using standard four-component notation, the triplet Yukawa interaction with the lepton 
doublets takes the form 

£y = -1^^,^:l(S, ■r)0 + H.c., (29) 

with y a 3 X 3 matrix of Yukawa couplings. The triplet Majorana mass term mediating 
the seesaw is 

£M = -^M,,S^E,■ + H.c., (30) 

with M a 3 X 3 symmetric matrix. Notice that all the members Sj, S^, S| of the triplet 
have the same mass term. For each triplet E^, the charge eigenstates are related to 
the Cartesian components by 

S; = i=(s3-.E?), EJ = E3, E- = -L(s]+.S|). (31) 
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The physical particles are charged Dirac fermions Ej and neutral Majorana fermions 
Nj (as before, we use primes for the weak interaction eigenstates), 

4 = ST + , ATj = S° + . (32) 

Then, for our choice of right-handed chirality for the triplets we have 

^L = ^\ ^R = ^J, N',L = ^T' NU = ^r (33) 

After spontaneous symmetry breaking the terms in Eqs. (l29ll . (l30l) lead to the neutrino 
mass matrix 

^ -iKivy(^;, (^;;«) .H.C., ,34, 

similar to the one for type-I seesaw in Eq. (I6|). The mass matrix for charged leptons, 
also including the 3x3 SM Yukawa matrix Y\ reads 

The gauge interactions of the new triplets can be obtained from the kinetic term 

£k = i%- l^D^ , (36) 

where a sum over j = 1,2,3 is understood. The covariant derivative is 

D^ = d^ + tgf-W^, (37) 

with the T matrices defined in Eqs. (l24l) . The 5^ term is absent because the triplets 
have zero hypercharge. With the definitions in Eqs. (ISTll and (l32l) . the gauge interac- 
tions in the weak eigenstate basis are 

Cw = -9 {e'ji'-n; w- + n;ye'^ w;) , 

L-y = eE'^rE'^A^. (38) 

In the mass eigenstate basis, the interactions with the photon are obviously the same. 
For the W and Z bosons they can be obtained after diagonalisation of the charged 
lepton and neutrino mass matrices. Rewriting Eqs. fl38l) and the SM interactions in 
terms of the mass eigenstates E, N (dropping the subindices) and SM leptons /, vi, the 
relevant terms are 

Cw = -g {EYN W- + NYE W+) 

- ^ (v^^ iyplN w- + v;^ nyplI w^;) 

- g {ViN EYPr^i W- + viYPrE W^) , 
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Cz = gcwEYEZ^ 

+ [y,^ i^PlE + v;^ e^PlI) z, , 

C^ = e E-f^'E , (39) 
at first order in the small mixing 

(40) 

Notice that the couplings of the heavy neutrino N to the SM leptons are the same as 
in seesaw I except for a sign change in the neutral current term. For the heavy charged 
lepton they are similar but a factor larger, and the charged current coupling has 
opposite chirality. The interactions with the SM Higgs can be obtained from the 
Yukawa term in Eq. ( l29ll . 



- + h. (41) 

Rewriting the weak eigenstates as a function of the mass eigenstates E, N, I and z/; we 
find the interactions 



'^H = §^{ViNiyiPBN + V;^NPLU,)H 



V2M, 



{VinIPrE + V;^EPlI)H, (42) 



w 



where = niE = mjy is the common triplet mass. Finally, using the fact that N and 
Pi are Majorana fermions their neutral and scalar interactions can be rewritten, 

CzuN = -^iyiY{ViNPL-Vi%Pn)N Z^, 
Zcw 

ChuN = ^;^ui{VinPr + ViIPl)N H . (43) 

As in the case of heavy neutrino singlets, limits on the mixing of new fermion 
triplets arise from electroweak precision data. The most recent constraints are [69] 

3 3 3 

J^IK^J' < 0.00036, J] |\/^^J2 < 0.00029, ^ O-^OO'^^ (44) 

i=l i=l i=l 
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at 90% CL. Additional limits result from the non-observation of LFV processes like 
/i — i> 67, T ^ ej and r fi'j. A global fit allows to obtain the 90% CL bounds [23,80] 



i=l 



< 1.1 X 10" 



i=l 



< 0.0012, ^l^^Tv.KV, < 0.0012, 

(45) 

although the limits in Eqs. (I44l ) and the Schwarz inequality imply stronger constraints 
by a factor of two for the products of the mixing with the tau lepton and the electron 
or muon. 



i=l 



4 = 1 



< 0.0005, 



i=l 



< 0.0005. 



(46) 



These limits are not relevant for heavy triplet production at LHC, which takes place 
through gauge interactions of order unity. For the decay, the bounds on the mixing are 
six orders of magnitude above the critical values V/tv ~ O(10~^) for which the gauge 
boson decay modes begin to be suppressed with respect to other decays. 



3 General features of the analyses 

Our estimations of the discovery potential for seesaw messengers are performed by 
simulating their production at LHC, together with the SM processes which may con- 
stitute a background. The signals and backgrounds are calculated with matrix element 
generators, which produce event samples which are feeded into Pythia 6.4 [81] to add 
initial and final state radiation (ISR, FSR) and pile-up, and perform hadronisation for 
each event. After this, a fast detector simulation program [82] is used, whose purpose 
is to simulate how the event would be seen in the ATLAS detector. The tagging of b 
and T jets is performed with the ATLFASTB package, selecting efficiencies of 60% and 
50%, respectively, and the corresponding mistag rates: for b tagging, it is about 1% 
for light jets and 15% for c jets, and for r tagging it is about 1% for non-tau jets. The 
analysis of the events is then performed in terms of charged leptons, jets and missing 
energy. 

The heavy neutrino singlet signals, described further in section [4] are generated 
with the Alpgen extension of Ref. [29]. For scalar and fermion triplet production a new 
generator Triada has been developed. For seesaw II it calculates A++A , A^'^^A^ 
and A+A^ production with subsequent leptonic decays A^*"^ — > iflf, A^ ^if^ (see 
section [5]), where U = e, /i, r. (We will use / when referring to electrons, muons and tau 
leptons, reserving i for electrons and muons only.) For seesaw III it calculates E^E~ 
and E'^N production with all decays to light leptons and gauge or Higgs bosons, as 
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described in detail in section [6l This is a cumbersome task since it involves 289 different 
final states with 128 different matrix elements for E^E~ and 748 final states with 72 
matrix elements for E^N, which have to be generated with their corresponding weights. 
Matrix elements for the 2 —>■ n processes (n = 4 for scalar triplet and n = 6 for fermion 
triplet production) are calculated using HELAS [83], including all spin and finite width 
effects. Integration in phase space is performed with VEGAS [84]. The output of the 
program, in the form of unweighted events, includes the colour structure necessary to 
interface it with Pythia. 

An equally important ingredient for a correct estimation of the discovery potential 
of a signal is the background evaluation. Recent parton-level calculations [28, 35-37] 
underestimate SM backgrounds because they cannot account for several physical effects 
present in real experiments. One such effect is the appearance of extra jets in the final 
state from ISR, FSR and especially pile-up. In this way, processes with a small number 
of partons (and typically larger cross sections) give important contributions to final 
states with a larger number of jets, due to pile-up. An illustrative example will be 
found in section [631 4/5 of the total contribution of Wnj production (where nj stands 
for n jets at the partonic level) to a final state with four hard jets is due to multiplicities 
n = 0,1,2 at the partonic level. Another physical effect which cannot be included 
in parton-level calculations is the production of isolated charged leptons from b quark 
decays. As we found in previous work [29], tinj and bbnj are the main SM backgrounds 
giving two like-sign leptons {i = e, /i). In the former case, this happens when the 
tt pair decays semileptonically, and one b quark gives the second lepton, while in the 
latter both charged leptons result from b decays. Likewise, three leptons i^i^i"^ can 
be produced in the dilepton decay of a ti pair, the third lepton coming from a b quark. 
Charged leptons from b quark decays typically have small transverse momentum, but 
the cross section for tinj production is three orders of magnitude larger than for the 
signals considered and even larger for bbnj^ 1.4 /ib. Besides, signals sometimes have 
leptons which are not very energetic, e.g. when they originate from r decays. In any 
case, suppressing these backgrounds without eliminating important signal contributions 
is not easy. A third effect which makes a parton level calculation insufficient is that 
sometimes a charged lepton is missed by the detector, for example because it is located 
inside a hadronic jet and thus it is not isolated. This is important, for instance, for 
like-sign dilepton signals, where one of the main backgrounds is WZnj production 
when one of the leptons from the Z decay is missed by the detector. 

In order to have predictions for SM backgrounds as accurate as possible we use 
Alpgen [85] to generate hard events which are interfaced to Pythia using the MLM 
prescription [86] to perform a matching between the "soft" radiation generated by 



14 



Process 




Decay 


L 


Events 


ttnj, n = 0, . . . 


,6 


semileptonic 


300 fb-i 


60.8 M 


tinj, n = 0, . . . 


,6 


dileptonic 


300 fb-i 


15.2 M 


bbnj, n = 0, . . 


,3 


all 


0.075 fb-i 


116 M 


ccnj, n = 0, . . 


,3 


all 


0.075 fb-i 


145 M 


tj 




W ^li' 


300 fb-i 


9.5 M 


tb 




W ^Iv 


300 fb-i 


540 K 


tw 




all 


300 fb-i 


16 M 


tttt 




all 


300 fb"^ 


1.6 K 


ttbb 




all 


300 fb-i 


340 K 


Wnj, n = 0, 1, 


2 


W ^Iv 


10 fb-i 


557.4 M 


Wnj, n = 3, . . 


.,6 


W ^Iv 


30 fb-i 


10 M 


Wbbnj, n = 0, 


...,4 


W ^Iv 


300 fb-i 


5.2 M 


Wccnj, n = 0, 


...,4 


W ^Iv 


300 fb-i 


5.5 M 


Wttnj, n = 0, 


..,4 


W ^Iv 


300 fb-i 


50.6 K 


Z/-fnj, n = 0,1,2, mu < 120 GeV 


z ^ i+i- 


10 fb-i 


54.9 M 


Zhnj, n = 3, 


. . . , 6, < 120 GeV 


z ^ i+i- 


30 fb-i 


1.1 M 


Zhnj, n = 0, 


...,6,mii> 120 GeV 


z ^ i+i- 


300 fb-i 


17.3 M 


Zbbnj, n = 0, . 


..,4 


z ^ i+i- 


300 fb-i 


2 M 


Zccnj, n = 0, . 


..,4 


z ^ i+i- 


300 fb-i 


1.8 M 


Zttnj, n = 0, . 


..,4 


z ^ /+r 


300 fb-i 


18.7 K 


WWnj, n = 


...,3 


W ^Iv 


300 fb-i 


2.9 M 


WZnj, n = 0, 


...,3 


W ^lv,Z ^ l+l~ 


300 fb-i 


377 K 


ZZnj, n = 0, . 


..,3 


z i+r 


300 fb-i 


37.4 K 


WWWnj, n = 


0,...,3 


2W lu 


300 fb-i 


14.7 K 


WWZnj, n = 


0,...,3 


all 


300 fb-i 


48.7 K 


WZZnj, n = 0,...,3 


all 


300 fb-i 


15.3 K 


ZZZnj, n = 


,...,3 


2Z l+l- 


300 fb"^ 


114 



Table 1: Background processes considered in the simulations. The second column 
indicates the decay modes included (where I = e,fi,T), and the third column the 
luminosity equivalent generated. The last column corresponds to the number of events 
after matching, with K and M standing for 10^ and 10® events, respectively. 

Pythia and the "hard" jets generated by Alpgen avoiding double counting. Background 
samples are generated with large statistics, often 300 fb~^, in order to avoid fluctuations 
in the final selected samples. This is a demanding computational task, which would 
take around ten years in a modern single processor system. The backgrounds generated 
and the corresponding luminosities are collected in Table [U For bbnj and ccnj the 
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statistics is small but the samples are still very large, allowing to estimate correctly 
these backgrounds as described in detail in appendix A of Ref. [29]. Signals are all 
generated with a statistics of 3000 fb~^, and all results are rescaled to 30 fb^^ in the 
Tables. 

The procedure used for estimating the statistical significance of a signal is consid- 
ered case by case. In the absence of any systematic uncertainty on the background, 
the statistical significance would be Sq = S/ ^/B, where 5* and B are the number of 
signal and background events, or its analogous from the P-number for small back- 
grounds where Poisson statistics must be applied. Nevertheless, there are systematic 
uncertainties in the background evaluation from several sources: the theoretical calcu- 
lation, parton distribution functions (PDFs), the collider luminosity, pile-up, ISR and 
FSR, etc. as well as some specific uncertainties related to the detector like the energy 
scale and b tagging efficiency. Provided that the signal manifests as a clear peak in a 
distribution (as in doubly charged scalar production) or a long tail, it will be possi- 
ble to normalise the background directly from data, and extract the peak significance. 
In this case, we give estimators of the sensitivity considering two hypotheses for the 
background normalisation: 

(a) the SM background normalisation does not have any uncertainty; 

(b) the SM background is normalised directly from data. 

In some of the cases examined the signal has a wide distribution and the SM back- 
ground cannot be normalised from data. In such situations we include a 20% back- 
ground uncertainty in the significance summed in quadrature, using as estimator 1S20 = 
S/^B + {0.2B)^. 

4 Seesaw I signals 

For our study we consider the single heavy neutrino production process 

qq' ^W* ^ l^N , (47) 

with / = e,fi,T. Its cross section depends on rriAr as well as on the small mixing Vm, 
to which the amplitude is proportional. Its dependence on is plotted in Fig. [H 
normalised to \ Vin\'^ = 1§| Heavy Majorana neutrino singlets decay to SM leptons plus 

^The total cross section plotted in Fig. 2 of Ref. [29] is underestimated by a factor of two, while the 
cross sections with N decay and with kinematical cuts, as well as the numbers of events included in all 
Tables, are correct. We thank B. Gavela for bringing this incorrect normaHsation into our attention. 
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Figure 1: Cross section for production of heavy neutrino singlets qq — > l^N at LHC. 



a gauge or Higgs boson, with partial widths 



w 



647r'''"' \ m% J \ m% m% 

2 ^3 / n/r2 



nN^^,H) ^ 4|V,.|=^(l-^|) . (48) 

For niN < Mw these two body decays are not possible and N decays into three 
fermions, mediated by off-shell bosons. Within any of these four decay modes, the 
branching fractions for individual final states / = e,/i, r are in the ratios IKa^P : 
|V^AfP : IKtvP- However, as it can be clearly seen from Eqs. (l48l ). the total branching 
ratio for each of the four channels above (summing over /) is independent of the heavy 
neutrino mixing and determined only hj niN and the gauge and Higgs boson masses. 

Heavy neutrino production cross sections are suppressed by the small mixings 
\VeN\^ < 0.0030, |v;,7vp < 0.0032, IKtvP < 0.0062 [69], and then the observability 
of IN production is limited to masses up to 150 GeV approximately due to the large 
backgrounds [29] i In this situation, heavy neutrino decay products are not very en- 
ergetic and SM backgrounds are important. Among the possible final states given by 
Eqs. ( l48l) . only charged current decays give final states which may be observable in 



^The mass reach is much larger at e+e [56,73] and 67 [87] colhders, whose environment is cleaner 
(see Ref. [57] for a review). 
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principle. Likewise, other single production processes like 

qq^ Z* ^ uN , 

gg^ H* ^ uN (49) 

give £^ and final states which are unobservable due to the huge backgrounds. 

Pair production 

qq^ Z* ^ NN (50) 

has its cross section suppressed by IVJatI^, phase space and the Z propagator, and is 
thus negligible. 

In a previous work [29] we have studied in great detail the observability of heavy 
neutrino singlets in the like-sign dilepton final state for > Mw as well as for 
rriN < Mw, performing sophisticated likelihood analyses to effectively suppress the 
backgrounds. We found that a heavy neutrino coupling only to the electron with 
iKAfP = 0.0054 could be discovered up to rriTv = 145 GeV, and if it couples to the muon 
with [V^ATp = 0.0096 it could be discovered up to 200 GeV. (If it couples only to the tau 
the signals are swamped by the SM background.) For heavy neutrinos lighter than the 
W boson, we found that, for example, a 60 GeV neutrino coupling to the muon might 
be discovered up to |V^Arp = 4.9 x 10~^. These limits, however, are obtained from very 
optimised analyses which use as input the heavy neutrino mass to build the probability 
distributions for the heavy neutrino signal. In this section we will take the opposite 
approach, following the philosophy of this paper: we will investigate whether with 
"generic" model-independent cuts the heavy neutrino (as well as seesaw II and seesaw 
III signals) might be observable. Of course, dedicated experimental searches can be 
carried out assuming some value for and optimising the kinematical distributions 
for this mass to achieve the best sensitivity. But, at least in a first step, LHC searches 
are likely to be performed with general and model-independent event selections. 

A major difference between heavy neutrino signals studied in this section and scalar 
triplet and fermion triplet signals concerns lepton fiavour. For the latter, the SM 
backgrounds involving electrons and muons are alike at large transverse momenta, 
and it makes sense to perform "fiavour blind" searches summing electrons and muons. 
This is also sensible from the point of view of the signals, which have the same cross 
sections if the new states couple to the electron, the muon or both, as it will be argued 
in sections [5] and [H On the other hand, for heavy neutrino production the situation is 
clearly different. At low transverse momenta SM backgrounds involving electrons are 
much larger than those involving muons, as shown in Ref. [29], and searches must be 
performed independently in order to avoid that a possible signal in muon final states is 
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hidden by electron backgrounds. Moreover, heavy neutrino signals are different if the 
heavy neutrino couples to the electron, the muon or both: if it couples to the electron 
e^A^ production will take place, if it couples to the muon we will have /x^A^ production, 
and if it couples to both we will have the two processes simultaneously. Therefore, for 
heavy neutrino searches it is convenient to divide final states by lepton flavour. 

In what follows we assume two scenarios: (i) a heavy neutrino coupling only to 
the electron with |\4Arp = 0.0030, labelled as scenario SI; (ii) coupling only to the 
muon with |V^Arp = 0.0032, labelled as scenario S2. We will take a mass rriN — 
100 GeV, between the two cases previously studied. For such a heavy neutrino mass 
the production cross section is large, and the kinematics of the signal is completely 
different from the other cases. The decay branching ratios are Br(A^ l~W^) = 
Br{N 1+W-) = 0.43, Bv{N vZ) = 0.14. We will examine final states with (a) 
three charged leptons (b) two like-sign dileptons where X denotes 

possible additional jets and the leptons can have different fiavour. Final states with 
two opposite-sign leptons or only one lepton are unobservable for these small cross 
sections. 

4.1 Final state 

Trilepton signals are produced in the two charged current decay channels of the heavy 
neutrino, with subsequent leptonic decay of the W boson, e.g. 

e+N e+rw+ e+re+v , 

e+N e+e+w- e+e+r^ , (51) 

(and small additional contributions from r leptonic decays). This final state is very 
clean once that WZnj production can be almost eliminated with a simple cut on the 
invariant mass of opposite charge leptons. 

For event pre-selection we require the presence of two like-sign charged leptons £i 
and £2 (ordered by decreasing px) with transverse momentum larger than 30 GeV, and 
an additional lepton of opposite charge. The choice of the px cut for like-sign leptons 
is motivated by the need to reduce backgrounds where soft leptons are produced in b 
decays, for example tinj in the dilepton channel. For event selection, in a first step we 
only require that neither of the two opposite-sign lepton pairs have an invariant mass 
closer to Mz than 10 GeV. These pre-selection and selection criteria are the same as 
those applied in the analysis of scalar and fermion triplet signals in the next sections, 
but in this subsection we split the sample in two disjoint sets: final states with at 
least two electrons (labelled as "2e") and with at least two muons ("2/x"). The number 
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of events for the signal and the largest backgrounds is given in Table [2] for these two 
stages of event selection. 





Pre-selection 


Selection 


Impr. 


selection 




2e 


2/i 


2e 


2fi 


2e 


2u 




37.1 





32.4 





28 6 


n 


N (S2) 





37.8 





33.1 





29.6 


ttflj 


244.8 


78.0 


159.8 


52.4 


58 4 


1 6 3 


fW 

O V V 


14.8 


3.0 


10.5 


1.7 


6 5 


6 




25.6 


19.9 


20.6 


14.5 


3 8 

'J . KJ 


2 6 


7jhhTi 7 


1 7 1 


1 6 9 


1 1 

J. . J. 


9 


0.5 


0.1 


Zttfij 


82.5 


69.9 


10.3 


6.5 


Z.D 


1 1 
i . i 


WZnj 


2166.4 


1947.3 


49.2 


24.3 


36.8 


17.8 


ZZnj 


141.0 


135.0 


2.8 


1.4 


1.6 


1.2 


WWWnj 


10.8 


12.0 


7.9 


8.9 


4.7 


5.3 


WWZnj 


23.9 


18.8 


1.1 


0.7 


0.8 


0.4 



Table 2: Number of events for i'^i'^i'^ signals and main backgrounds with a luminosity 
of 30 fb-i. 

The invariant mass of the like-sign leptons m^^^j is a good discriminant among 
different sources of new physics giving i'^i'^i'^ signals. In the case of heavy neutrino 
production this distribution, presented in Fig. [21 is broad and without a long tail. For 
larger masses the rrii^i^ tail will be longer, but in this case the cross sections are much 
smaller. In dimuon final states the backgrounds are very small and a signal in scenario 
S2 might be detected (although with a significance smaller than 5a) without the need 
of further improvements in the analysis, provided that the background uncertainties are 
small. Neglecting them, the excess of events would amount to a statistical significance 
So = 3.1cr, whereas if we consider a 20% systematic uncertainty in the background the 
significance is smaller, = 1.3cr. This excess is distributed across the m^^^j range, as 
it is shown on the right side of Fig. [21 and does not display a peak as it does in scalar 
triplet production (see next section) nor a long tail as in fermion triplet production 
(see section [6]) . This fact makes it difficult to normalise the background directly from 
data in a given "control" region to extract the significance of an excess in another phase 
space region, as it will be done in some of the cases analysed in this paper. 

Other kinematical distributions, for example the transverse momenta of the like- 
sign leptons, exhibit analogous behaviour with the event excess distributed in a wide 
range but without long tails which would be a clear indication of the presence of a 
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Figure 2: Left: Kinematical distribution at pre-selection of the like-sign dilepton in- 
variant mass for the signals in the two heavy neutrino scenarios. Right: the same, for 
the SM and the SM plus the signal in scenario S2 at the selection level. The luminosity 
is 30 fb-^ 



new physics signal. This implies that, in order to be detected, heavy neutrino signals 
require dedicated analyses, often optimised for a given rrijq value, as the one presented 
in Ref. [29]. For this specific heavy neutrino signal there are additional cuts which can 
be imposed to further reduce backgrounds. For an improved event selection we ask 
that 

(i) no h jets can be present in the final state; 

(ii) the like-sign leptons must be back-to-back, with their angle in transverse plane 
larger than 7r/2. 

These selection criteria are convenient for this heavy neutrino singlet signal but rather 
inadequate for fermion triplet signals in the same final state. The number of events 
after these additional requirements is given in the last two columns of Table [2l The 
statistical significance does not reach Sa in any of the cases: S20 = 1-1 in scenario SI 
and S20 = 2.6 in S2. The variable selection can still be improved and cuts optimised 
for this particular value of m^v, obtaining 1S20 = 1-7 in scenario SI and 1S20 = 3.7 in 
S2 (allowing discovery with 180 fb^^), and we expect that much better results will be 
obtained with a probabilistic analysis. This is in agreement with our statement that 
heavy neutrino singlets require dedicated searches, optimised for their detection. 
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4.2 Final state 



Heavy neutrino signals in this final state have been widely studied [25-29]. They are 
produced from the LNV neutrino decay and subsequent hadronic W decay, or leptonic 
decay when the lepton is missed. In this section we investigate whether a search 
based on simple selection criteria could find such a signal. For event pre-selection we 
require the presence of two like-sign charged leptons with pt > 30 GeV. Even with this 
relatively large transverse momentum cut, SM backgrounds are non-negligible, as it 
has been shown elsewhere [29]. The corresponding numbers of events are collected in 
Table[3l We consider independently the e^e^ and /x^/x^ final states for each of the two 
heavy neutrino scenarios, e^/i^ signals are not generated in any of them (although they 
are produced if a heavy neutrino simultaneously couples to the electron and muon), 
and hence they are not considered. 

Pre-selection Selection 





2e 


2/i 


2e 


2/i 


N (SI) 


28.1 





13.5 





N (S2) 





25.6 





13.5 


ttnj 


620.0 


8.4 


36.7 


0.1 


tw 


39.3 


1.1 


4.2 


0.2 


Wtinj 


53.7 


45.1 


1.1 


0.7 


WWnj 


54.2 


47.8 


5.2 


4.8 


WZnj 


269.9 


182.6 


23.7 


13.8 


WWWnj 


21.2 


22.6 


1.2 


1.3 



Table 3: Number of events for the like-sign dilepton signals and main backgrounds for 
a luminosity of 30 fb~^. 

Despite the larger branching ratio, the number of signal events is smaller than in 
the previous trilepton channel because the charged leptons from — ^ iW decay (with 
a mass rriN = 100 GeV) are not very energetic in general, and the requirement pt > 30 
GeV severely reduces the signal^ For larger heavy neutrino masses the efficiency is 
larger but signal cross sections are smaller. 

For event final selection we also require: 

(i) at least two jets in the final state with pt > 20 GeV, and no ^-tagged jets; 

"In most of the trilepton signal events the like-sign sub-leading lepton results from leptonic W 
decay, and hence the suppression is smaller. 
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(ii) missing energy smaller than 30 GeV; 

(iii) the transverse angle between the two leptons must be larger than 7r/2. 

The number of events passing these cuts is also included in Table [3l After this simple 
event selection the heavy neutrino signals in the dielectron channel are not significant, 
with Sq = 1.5(7, = 0.7cr but in the dimuon channel the event excess amounts to 
So = 2.9(7, S20 = 2.1(7, which would be noticed if the background normalisation is 
precise enough. The invariant mass distribution of both signals (without background) 
at pre-selection level is shown in Fig. [3] (left), and for scenario S2 the distribution also 
including the background is shown in Fig. [3] (right) at selection level. We can observe 
that again the signal dilepton distribution is very broad but without a long tail, which 
distinguishes the neutrino singlet from scalar and fermion triplet production. 




Figure 3: Left: Kinematical distribution at pre-selection of the like-sign dilepton in- 
variant mass for the signals in the two heavy neutrino scenarios. Right: the same, for 
the SM and the SM plus the signal in scenario S2 at the selection level. The luminosity 
is 30 fb-^ 

The reconstruction of the signal may be useful for its identification when large 
luminosities are available. The W boson decaying hadronically can be reconstructed 
to some extent from the two jets with largest transverse momentum, as it is shown in 
Fig. [4] (up, left). As it happens for larger neutrino masses [29], the reconstruction is 
not very good and the discriminating power against the background is small, so that 
performing a cut on this variable results in a large signal loss. The reason for this bad 
reconstruction is that for the heavy neutrino signal the jets from the W decay often 
have small transverse momentum (once that the charged lepton is required by pre- 
selection to have pt > 30 GeV), and often one or the two jets selected to reconstruct 
the W boson are produced from pile-up. 
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The heavy neutrino mass can be reconstructed from the W boson and one of the 
charged leptons. In principle, it can be found by taking both possibilities and con- 
structing a plot with two entries per event. The kinematical distribution displays a 
peak near the true m^, as shown in Fig. [4] (up, right) which might be visible over 
the bacground (this Figure, down). The observability of this peak is compromised by 
the large background in scenario SI, and by the small statistics in both cases. If the 
heavy neutrino mass is known from other source then invariant mass cuts can be per- 
formed, improving the significance to 1S20 = l.2a, S20 = 3.1(J in scenarios SI and S2, 
respectively. In the latter, the heavy neutrino signal can be discovered with 180 fb~^. 
Finally, it is worth remarking again that the results presented here can be improved if, 
instead of a simple application of kinematical cuts like we have done here, one performs 
a likelihood analysis as in Ref. [29]. But in any case heavy neutrino signals are very 
small and difficult to observe. 





Figure 4: Up, left: reconstructed W mass. Up, right: £ijj + i2jj invariant mass dis- 
tribution (two entries per event). Down: iijj + i2jj distribution for the two scenarios 
including background. All distributions correspond to selection level and a luminosity 
of 30 fb-i. 
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4.3 Outlook 



Heavy neutrino signals are limited by the small mixing of the heavy neutrino required 
by precision constraints [69]. This fact implies that only masses of the order of 100 
GeV are accesible at LHC. For this mass range, SM backgrounds are larger and, since 
production cross sections are relatively small, heavy neutrino singlets are rather difficult 
to observe. 

In this section we have assumed a mass rriN = 100 GeV and examined the possible 
signals in the like-sign dilepton final state, which is the only channel considered in 
many studies, and also in the trilepton final state. To our knowledge, this channel 
has not been previously studied in the context of heavy neutrino production, possibly 
due to its smaller cross section. We have found that for this particular heavy neutrino 
mass the trilepton channel is slightly better than the like-sign dilepton one. Although 
this fact may well be specific for the heavy neutrino mass assumed, it underlines the 
importance of searching for heavy neutrinos in all the channels in which they might 
give observable signals. Indeed, the trilepton channel allows to discover Dirac neutrino 
singlets [64], which do not give significant like-sign dilepton signals. 

Heavy neutrino signals are characterised by low transverse momenta, and by a 
broad like-sign dilepton invariant mass distribution which does not have peaks nor 
long tails. This allows to distinguish them from scalar triplet (seesaw II) and fermion 
triplet (seesaw III) signals . But, more importantly, scalar and fermion triplets lead 
to other final states which are not present in heavy neutrino production, and thus the 
discrimination should be easy in case that a positive signal is observed. 



5 Seesaw II signals 

We consider three processes in which the members of the scalar triplet can be produced 
in hadron collisions, 

gg ^ / 7* ^ A++ A— , 

qq^Z* li" ^ A+A" . (52) 

Their cross sections only depend on the scalar masses, because the interactions are 
fixed by the triplet gauge couplings. We assume for simplicity that A"*""*" and A+ 
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are degenerately The cross sections are plotted in Fig. [5] (left) as a function of the 
common scalar mass. As emphasised in Ref. [33], the mixed A^'^^'^A''' production is the 
largest source of doubly charged scalars, with a cross section about twice larger than 
for A^+A , whereas for A+A~ it is smaller. Processes involving A° production are 
not included because they do not contribute to the final states studied. 

The cross section for four lepton final states in which we are interested depends on 
the vev f a as well, through the decay branching ratios. For the specific case of A"*""*" 
decays, we have 



rfA++^Z+/+) = ^^^^ \Y--\ 



„4 2 /\/3 

r(A++ ^ iy+iy+) = ^i!^(l-4r^)V2(i_4r^ + 12r^ 



(53) 



where U = e,fi,T for i = 1,2,3, 6ij is the Kronecker delta and rw = Mw/M^++. The 
Yukawa couplings Yij are related to the neutrino masses by Eq. f l20ll . so that the sum 
of partial widths to dilepton final states is 

Er(A-.a;)^^|^£J, (54) 

independently of the details of light neutrino mixing. The decay of A^''^'' always takes 
place inside the detector, because when f a is large and the dilepton channel is sup- 
pressed the diboson channel is enhanced [36], and vice versa. For va sufficiently small 
the decays of the doubly charged scalar are dominated by the dilepton mode. Let us 
assume for the moment that light neutrino masses saturate the bound [2] 

^m,, <0.4eV, (55) 

in which case they are quasi-degenerate. Then, the dependence of the cross section for 
A++A production on Ma++ and wa is as shown on the right side of Fig. [5] 

(r leptons are included in the final state but their decay is not taken into account for 
the moment). For comparison we plot the band corresponding to Yukawa couplings 
Yij of the same order as the electron and tau Yukawas. Note, however, that there is no 
reason in principle to expect that the triplet Yukawa coupling to the charged leptons 
in Eq. f fTSll are the same as the Dirac coupling to the Higgs doublet. These values for 
Va must be regarded only as a hint, showing that if doublet and triplet Yukawas are 
of the same size, then the dilepton decay mode A++ Iflj' dominates. For neutrino 
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A term A5(0V*0)(A^T'A) in the scalar potential induces a mass splitting between the triplet 
states ^ As/g^ (M^/Ma), which is small enough to neglect scalar decays into other triplet members 
if A5 is smaller than 1 and the Yukawa couplings Yij are not too small [33] . 
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Figure 5: Left: Cross section for production of charged scalar pairs , A^^A^ 

and A+A^ at LHC. Right: cross section for A++A decaying into four lepton final 
states. 



masses not saturating the bound in Eq. fl55ll the whole plot in Fig. [5] (right) scales 
up or down with the neutrino mass sum, including the band Yij = Y^, Yij = Y^-, and 
the same argument applies. We will then assume that doubly charged scalars decay to 
two charged leptons. Using an analogous argument, it follows that A^*" predominantly 
decay into a charged lepton and a neutrino, with partial widths 

TiA^^ltu,) = ^\Y^,\\ (56) 

Scalar triplets with masses of the order of 1 TeV or lighter are also predicted in Little 
Higgs models [88] (see for a review Ref. [89]) and some models of grand unification [90]. 
If we impose extra symmetries to make the heavy sector of the model less sensitive to 
electroweak precision constraints, as for instance in the Littlest Higgs model with T- 
parity [91], the coupling 0^(r ■ A)0 can be forbidden and, consequently, a non-zero 
va- In this case our analysis fully applies but light neutrino masses are not generated. 
One can imagine, however, a very weak breaking of T-parity and then a tiny va, in 
agreement with our assumption [34]. 

The relative abundance of I = e, fj,,T in A=''='' and A^*" decays is determined by the 
light neutrino mixing matrix [34], including the Dirac and Majorana phases, and in fact 
it may be used to determine Vmns from branching ratio measurements [92-94]. Hence, 
a crucial consequence of this relation is that the observability of scalar triplets strongly 
depends on light neutrino mixing parameters. Decays A^''^'' — > e^e^//i^/i^/e^/i^ are 
very clean, producing two energetic like-sign charged leptons with an invariant mass 
close to Ma++ . On the contrary, decays to tau leptons are more difficult to identify and 
have much larger backgrounds. Tau leptons can decay leptonically r — > ew, r fiuu 
with a branching ratio around 17% each, giving electrons and muons less energetic than 
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the parent r. Hadronic tau decays can only be tagged with a certain efficiency, and 
always suffer the contamination from SM backgrounds with fake tau tags from jets. 
(For example, corresponding to a r tag efficiency of 50%, the fake rate is around 1%.) 
The relevant quantity which determines the observability of A^^ is the branching ratio 
to electrons and muons, 

r,, = Br(A±± ^ e±e±//i±/i±/e±/i±) . (57) 

From the point of view of the signal, electrons and muons are quite alike, with similar 
detection efficiencies. From the point of view of SM backgrounds, at high transverse 
momenta (such as those involved in the decay of A^''^'' with few hundreds of GeV) like- 
sign dielectron and dimuon final states are comparable, in contrast with the behaviour 
at lower transverse momenta, where dielectrons are much more abundant [29]. In our 
analysis we will sum over final states with electrons and muons. A detailed examination 
of the relative number of each is crucial to reconstruct the MNS matrix [92-94] but 
hardly affects the observability of doubly charged scalars. 

In Fig. [6] we present the 67.3% CL allowed regions for for normal hierarchy 
(NH), inverted hierarchy (IH) and quasi-degenerate (QD) neutrino masses. In the first 
and second cases we assume that the lightest neutrino is massless. The MNS mixing 
matrix is parameterised as usual. 



^ C12C13 S12C13 Si3e \ 

VmNS = -S12C23 - Ci2S23Sl3e*'^ C12C23 - Si2S23Sl3e*'' S23C13 

\ S12S23 - Ci2C23Si3e*'^ -C12S23 - Si2C23Si3e*'^ C23C13 / 



X diag (1, e-'^^/^ e-'"'^/^) . (58) 

We use the best fit values of mass differences and mixing angles in Ref. [95] with the 
errors quoted there, and for the unknown Majorana phases we assume a flat probability. 
The 67.3% CL regions are obtained with the acceptance-rejection method, as described 
in detail in Ref. [96] for the program TopFit. The bands show the dependence of 
on one phase or combination of phases, with the dependence on the rest of parameters 
(additional phases, the unknown value of S13, etc.) reflected in the band width. For NH 
Te/i mainly depends on the phase difference — Ps but the variation is moderate. We 
observe that the total branching ratio to electrons and muons is modest, around 30%, 
and for /?2 — /^s = vr it can be as low as 5%, making the doubly charged scalars hard to 
discover in this case. For IH r^^ is much larger, about 60%, depending on ^2- For QD 
neutrinos r^^ depends on both phases and only the dependence on P2 — Ps (which is the 
strongest) is shown. For this mass hierarchy ~ 0.45, between the values obtained 
for NH and IH. For our simulations we select two benchmark scenarios illustrating the 
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Figure 6: Branching ratio to electron and muon final states for normal and inverted 
hierarchy, and quasi-degenerate neutrinos. 

two extreme cases: (i) NH with S13 = 0, — /^s = vr, for which = 0.21; (ii) IH with 
Si3 = 0, = /^a = 0, for which = 0.65. For squared mass differences and mixing 
angles we take the central values in Ref. [95]. 

In the rest of this section we study the observability of the scalar triplets in several 
final states, which we classify according to the number of charged leptons in the sample: 
(a) l+l+(r(rX; (b) £±£±£^X; (c) l^l^X; (d) £+r jV^; (e) l^jrJrJrX, where £ only 
corresponds to electrons and muons (but not necessarily all with the same fiavour), jV 
denotes a jet tagged as a tau jet and X refers to additional jets, tagged or not. We 
assume a common mass Ma++ = = 300 GeV. 

5.1 Final state £+£+£-£- 

This is a very good channel for the observation of A++ A production, because of its 
practically absent SM background. However, the scalar triplet signals in this decay 
mode are smaller than in other final states, because 
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1. Only A++A production contributes because A^'^'^A^, with a cross section two 
times larger, gives at most three charged leptons. 

2. For NH, requiring the presence of four charged leptons significantly reduces the 
signal. Four leptons can be produced (a) when both scalars decay A^"^ 
e^e^, /i^/i^, e^/i^, which has a small total branching ratio ~ (0.2)^ for NH, and; 
(b) in decays A^''^'' e'^r'^ , fi'^r'^ ,t'^t'^ , when the r leptons decay to electrons 
and muons plus neutrinos, which happens with a branching ratio of 34%. Final 
states with a smaller number of leptons have larger branching ratios, which also 
include combinatorial factors (see next subsection). 

3. All four leptons have to be isolated, within the detector acceptance and with 
transverse momentum above a certain threshold, leading to a lower detection 
efficiency than in channels with a smaller number of leptons. 

As pre-selection we require for signals and backgrounds the presence of four isolated 
charged leptons, two positively and two negatively charged. Among the four leptons, 
at least two must have transverse momentum larger than 30 GeV. We also require 
the absence of additional non-isolated muons (from now on, this will be implicitly 
understood). For event selection we only ask that the event does not have two opposite 
charge pairs with an invariant mass closer to Mz than 5 GeV. Charged leptons are 
labelled as follows: ii is the one with highest transverse momentum, £2 is the other 
lepton with the same sign, and £3, £4 the remaining two leptons ordered by decreasing 
Pt- Then, neither the pairs (£1,^3), (£2,^4) nor (i'1,^4), can simultaneously have 

invariant mass within a 5 GeV interval around Mzu This requirement does not affect 
the signal and is sufficient to suppress ZZnj production below the other backgrounds. 
The remaining backgrounds, mainly ttnj, concentrate at lower invariant masses and are 
not dangerous. The number of signal events and main backgrounds at the pre-selection 
and selection levels is collected in Table [H 

There are several interesting points to be learnt from the data in this table. For NH, 
the final number of events for four lepton signals at pre-selection is rather small, 34.9 
events which correspond to only 7.4% of the A++A pairs produced. This fraction 
is larger than r^^ = 4.6% due to tau leptonic decays, which give additional four lepton 
events but with a like-sign dilepton invariant mass smaller than M^++. This can 
be clearly observed in Fig. [7] (left). The peaks correspond to A^''^'' decays into two 

stronger background suppression can be achieved by demanding that neither of the opposite 
charge lepton pairs has an invariant mass consistent with Mz, which eUminates Zbbnj and Zttnj. 
This sUghtly decreases the signal and leads to a smaller statistical significance. Moreover, such a cut 
would suppress a possible fermion triplet signal in this channel (see section 16. 4p . 
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Pre-selection 


Selection 


A++A~ (NH) 


34.9 


34.9 


A++A— (IH) 


120.7 


120.7 


ttnj 


116.0 


115.7 


Zbbnj 


53.1 


53.1 


Zttnj 


32.9 


31.5 


ZZnj 


617.7 


98.7 



Table 4: Number of events for the four lepton signals and main backgrounds for a 
luminosity of 30 fb~^. 
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Figure 7: Kinematical distribution at pre-selection of the two like-sign dilepton in- 
variant masses for the NH (left) and IH (right) signals, assuming a luminosity of 30 
fb-^ 



electrons or muons, while the broad part of the distributions correspond to r decays. 
By construction, the £±£2 peak is higher because charged leptons from r decays are 
less energetic. The number of events where m^^^j and mf.^i^ are both in the windows 
280 — 320 GeV is 7.5, corresponding to only 1.6% of the A++A pairs. We also point 
out that the broad part of the distributions behaves as combinatorial background 
decreasing the height of the peak with respect to the "flat" part. For IH the number of 
events at pre-selection is four times larger than for NH, and the peaks are much more 
pronounced, as it can be observed in Fig. [7] (right). 

Discovering the A^''^'' does not require to see both dilepton pairs with masses around 
Ma++ (for which the number of events is much smaller) , but on the contrary it is enough 
to identify a clear peak in the rrii-^i^ distribution, which is plotted in Fig. [8] for the SM 
backgrounds only and for the SM backgrounds plus the NH signal (left) and the IH 
signal (right). In both cases the peaks are clearly visible, although for NH the number 
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Figure 8: iii2 invariant mass distribution for the SM and the SM plus the scalar triplet 
signal in the cases of NH (left) and IH (right). The luminosity is 30 fb~^. 



of events at the peak is small even for 30 fb ^ . In Table [5] we collect the number of 
signal and background events at the peak, taken as the window 

280 < me,e., < 320 GeV , (59) 

and making the two hypotheses for the background normalisation mentioned in sec- 
tion [3l 

(a) The SM background normalisation does not have any uncertainty, so that all the 
event excess at the peak can be interpreted as signal. 

(b) The SM background must be normalised directly from data, in which case the off- 
peak signal contributes as combinatorial background, reducing the significance of 
the peak. 

The situation in a real experiment will be between these two cases. We also include in 
Table E] the luminosity needed to have 5cr significance, for which we require to have an 
event excess not compatible with a background fluctuation at 5a, and to have at least 
10 signal {£+£+£-£-) events. 

We finally investigate if the scalar nature of A^''^'' can be established. We examine 
the opening angle distribution, defined in terms of the angle 6 between the momenta 
of and the estimated direction of the incoming quark (positive z if the A++A 
system moves in this direction or negative z otherwise) in the A++ A centre of mass 
(CM) frame. In order to ensure a correct reconstruction of this frame we require 
that both dilepton pairs have a mass close to the peak, between 280 and 320 GeV. The 
dependence of the peak cross section on the opening angle is presented in Fig.[9]for both 
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Case (a) Case (b) 

S B L S B L 

NH 20.4 3.0 14.7 fb-i 18.1 5.3 18.6 15"^ 

IH 110.4 3.0 2.7 fb-i 107.3 6.1 2.8 fb"^ 



Table 5: Number of signal (S) and background {B) events in the m^^^j peak for 30 
fb~^ in cases (a) and (b) explained in the text, and luminosity L required to have a 5a 
discovery in the £~^i~^i~i~ final state. 

NH and IH scenarios. We observe that the reconstruction is very good even without 
introducing correction functions to account for the detector effects, and refinements 
such as using the Collins-Soper angle [97] are not necessary either. The shape of the 
distributions obtained, proportional to 1 — cos^6', corresponds to the production of 
scalar particles. However, the number of events at the peaks, which is 7.5 for NH and 
88.4 for IH with a luminosity of 30 fb~\ is too small to observe these distributions 
except for relatively large integrated luminosities. (In Fig. [9] the signal is simulated 
using 3000 fb~^.) In Fig. [10] we show the possible results of an experiment with 30 fb~^. 
For NH one has some hints pointing to a 1 — cos^ 9 distribution, although nothing can 
be concluded with the small number of events observed. For IH the distribution seems 
sufficiently good so as to establish the scalar nature of A^^, but we do not address 
here this issue quantitatively. 
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Figure 9: Normalised A"*""*" opening angle distribution at the m« peaks for NH and IH, 
for the four lepton signals. 
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Figure 10: Possible experimental results for the A^"*" opening angle distribution in the 
case of NH (left) and IH (right), for a luminosity of 30 fb~^. The number of events is 
8 and 88 for NH and IH, respectively. 



5.2 Final state i^i^i"^ 

This final state can be considered as the "golden channel" for scalar triplet discovery. It 
has very small SM backgrounds as the four lepton channel, and the kinematical recon- 
struction of the missing particles can be achieved. Moreover, an important advantage 
over the former is that three lepton final states receive contributions (which are actu- 
ally dominant) from A^^A''' production, giving much larger signals and allowing for 
an earlier discovery of A^^ . For pre-selection we require two like-sign leptons ii and 
£2 with transverse momentum larger than 30 GeV and an additional charged lepton of 
opposite charge. The number of events for the signal and main backgrounds is gath- 
ered in Table El For selection we require that neither of the two opposite-sign lepton 
pairs have an invariant mass closer to Mz than 10 GeV. As expected, this requirement 
significantly reduces the backgrounds involving Z boson production. The numbers of 
events after selection are also listed in Table [6l 

Comparing with the four lepton final state we see that for NH the A++A signal 
is 2.5 times larger, mainly because of the larger branching ratios due to combinatorial 
factors. The additional contribution from A^^ A^ makes the trilepton signal more than 
five times larger than the four lepton one in the previous subsection. In the case of IH 
the enhancement is mainly due to the A=''=''A^ process, and gives a trilepton signal 3.5 
times larger than the four lepton one. The signals have a sizeable contribution in which 
A^''^'' decays give r leptons, as it can be observed in the like-sign dilepton invariant mass 
distribution, presented in Fig. [TT] for both NH and IH. The contributions of A++A 
and A^^A^ are separated for convenience. The behaviour is completely analogous 
to the one in Fig. [7] for the four lepton final state. We also point out that around 
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Pre-selection 


Selection 




Pre-selection 


Selection 


A++A~ (NH) 


86.5 


79.2 


Zbbnj 


33.3 


2.0 


A±±AT (NH) 


97.6 


89.9 


Ztinj 


152.5 


16.8 


A++A— (IH) 


141.6 


133.2 


WZnj 


4113.8 


73.4 


A±±A^ (IH) 


276.1 


260.8 


ZZnj 


276.1 


4.2 


ttnj 


322.8 


212.2 


WWWnj 


22.7 


16.8 


tw 


17.8 


12.2 


WWZnj 


42.7 


1.7 


Wttnj 


45.5 


35.1 









Table 6: Number of events for the three-lepton signals and main backgrounds with a 
luminosity of 30 fb~^. 

40% of the total number of signal events (which in this case correspond to A++A 
production) have jets in the final state which are tagged as tau jets. In Fig. [12] we 
plot the r multiplicity for the background and the NH and IH signals at pre-selection 
(notice that the trilepton signals can have at most one tau jet, but a second one can 
appear due to mistags). Although the SM backgrounds rarely have tau leptons, it 
is not convenient to ask for one r jet in event selection, since it decreases the signal 
considerably. On the other hand, separate analyses for each multiplicity A',- = 0,1,2 
can be performed increasing the total sensitivity, but for brevity we do not present 
them here. 




500 



Figure 11: Kinematical distribution at pre-selection of the like-sign dilepton invariant 
mass for the A++A and A^^ A^ signals, for NH (left) and IH (right). The luminosity 
is 30 fb-^ 

After event selection, trilepton SM backgrounds are almost four times larger than 
those involving four leptons, but again they concentrate at low m^^^j invariant masses. 
The doubly charged scalars can be discovered as a peak in the ^1^2 invariant mass, 
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Figure 12: Multiplicity of r-tagged jets for the SM background and the NH, IH signals 
in trilepton final states at pre-selection level. 



whose distribution is plotted in Fig. [13] for the SM backgrounds only and for the SM 
backgrounds plus the NH signal (left) and the IH signal (right) after event selection 
criteria. The peaks are much more pronounced than in the four lepton final state, 





Figure 13: £1^2 invariant mass distribution for the SM and the SM plus the scalar 
triplet signal in the cases of NH (left) and IH (right). The luminosity is 30 fb^^. 



making the discovery of the A^''^'' signal in this final state much easier. The number of 
signal and background events at the peak 

280 < mi^i^ < 320 GeV (60) 

is collected in Table [7l together with the luminosity necessary for a Sa discovery. We 
distinguish the two cases: (a) if the SM background can be predicted with negligible 
uncertainty and (b) if it is normalised from data. For NH the luminosity needed to 
discover A^''^'' is 4 — 5 times smaller than in the four lepton final state, and for IH three 
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times smaller. This improvement is very significant, making the three lepton final state 
the best one for the discovery of the doubly charged scalars at LHC. 



Case 
S B 

NH 94.5 5.1 
IH 353.0 5.1 



(a) 

L S 

3.2 fb-i 84.4 

0.85 fb-^ 343.5 



Case (b) 
B L 

15.2 3.6 fb"^ 
14.4 0.87 fb-^ 



Table 7: Number of signal (S) and background {B) events at the me^£.^ peak for 30 fb~^ 
in cases (a) and (b), and luminosity L needed to have a 5a discovery in the 
final state. 

We finally address the identification of the scalar nature of A='=='=. The reconstruction 
of the final state is more involved due to the presence of two signal contributions with 
different kinematics. Signal events involve two scalars, one of them (labelled as Ai) 
decays to the like-sign pair and the other (labelled as A2) produces the third lepton 
£3 plus an additional missed charged lepton or r jet (if it is doubly charged) or a light 
neutrino (if it is a A='=). Both possibilities must be disentangled on an event by event 
basis. We identify events corresponding to A++A and A='=='=A^ production using 
these criteria: 

1. If the event has a r-tagged jet jr, it is assumed that it corresponds to A++A 
production and it is reconstructed accordingly. 

2. If the event does not have r-tagged jets but has additional energetic jets, it is 
taken as A'*"+A if the transverse momentum of the hardest jet (which is then 
regarded as coming from a r decay, albeit not tagged) is larger than the missing 
energy of the event. Otherwise the event is reconstructed as A='=='=A^. 

3. If the event does not have additional jets, it is reconstructed as A^^A^. 

A++A events are reconstructed as follows. The third charged lepton £3 may have 
been directly produced in a A='=='= decay or may be a secondary charged lepton from a 
leptonic r decay, in which case it is produced together with two neutrinos, of combined 
momentum Pi,^, taken collinear to p^g. The neutrino associated to the hadronic r 
has momentum Pi,^ collinear to the jet. If the like-sign dilepton pair has an invariant 
mass close to the Ma++ peak (a fact which is enforced using a suitable kinematical 
cut), then all the missing energy of the event corresponds to these neutrinos, whose 
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momenta = tiPi^ , p,^^ — ^2P> can be determined using the equations 

iiiPe3)x + t2iPj^)x = i>x , 

ti{Pl3)y + HPjr)y = i>y , (61) 

where and -^y are the two components of the missing momentum j/t . Both ti and t2 
must be positive, otherwise the event is discarded. The reconstructed momenta of the 
two scalars are then 

PAi = Ph + Pi2 > 

PA2 = P£3 + Pjr + Pui + PU2 ■ (62) 

Reconstruction of events classified as A^*"^ is done neglecting the possible missing 
momentum associated to £3 and using the equations 

{Pu2)x = i>x , 
{Pu2)y ~ i'y 1 
{Ph^Pv2f = (P^l+P£2)^ (63) 

plus the on-shell condition pi = 0. The reconstructed momenta of Ai and A2 are 



PAi = P£i + Ph , 

PA2 = Pes + Pv2 ■ (64) 



The quality of the reconstruction is ensured by setting cuts 

280 GeV < m£,£2 < 320 GeV , 



280 GeV < ^^pi^ < 320 GeV . (65) 

With these cuts, the number of events at the peaks is 71.1 and 281.8 for the NH 
and IH signals, respectively, classified as shown in Table [H We can observe that 
the discrimination method is good, although it may eventually be improved with a 
kinematical fit. 

The opening angle 6 is defined as the angle between the momentum of the A++ 
(A ) and the momentum of the initial quark (antiquark) in the CM frame. The latter 
is estimated as in the case of the four lepton signal in the previous subsection, because 
the improvement found using the Collins-Soper angle is very small. The resulting 
distribution is presented in Fig. [TH (left). The shape is similar to the "true" one although 
the extreme bins have a sizeable fraction of events, and correction functions must be 
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NH IH 





A _l |_ A . 


A^^^^A'F 


A _| l_ A 

A++A 


A=*'='=A^ 


Total 


21.7 


49.4 


52.4 


229.4 


>1jV 


4.5 


0.0 


7.4 


0.0 


1 J, Pt > /t 


2.6 


0.0 


6.6 


0.0 


1 J, Pt < /t 


7.6 


6.3 


11.7 


34.9 




7.0 


43.1 


26.7 


194.5 



Table 8: Number of signal events at the m^^^^ peak for each of the classes considered 
in the reconstruction 

used in order to unfold the effect of the detector and reconstruction (see for example 
Refs. [99, 100]). Requiring the presence of a tagged r jet reduces the signals to 4.5 and 
7.4 events for NH and IH, respectively, but improves the quality of the reconstruction. 
As it can be observed in Fig. [TH (right), the distribution in this case is very similar to 
the one found in the four lepton final state, but includes a smaller number of events. 
Possible experimental results corresponding to Fig. [H] (left) are shown in Fig. [151 taking 
a luminosity of 30 fb~^. The distributions seem to indicate that the cross section is 
proportional to 1 — cos^ 9, especially for the IH case, although the results must be 
corrected for detector effects in order to draw a quantitative conclusion. 



O.lOi , ^ ^ ^ 1 ^ ^ ^ , , ^ ^ , ^ , ^ , ^ ^ 1 0.10 




\> U.J 1 -1 -U.J u 

COS COS 9 



Figure 14: Normalised opening angle distribution at the m« peak for NH and IH. On 
the right side we plot the same distribution but only for events with a tagged r jet. 

Finally, it is worth remarking that the presence of reconstructed trilepton events 
with large missing energy is a signature of A^^A''' production, providing evidence of 
the non-singlet nature of A. 
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Figure 15: Possible experimental results for the opening angle distribution in the case 
of NH (left) and IH (right), for a luminosity of 30 fb~^. The number of events is 71 
and 282 for NH and IH, respectively. 



5.3 Final state 

Scalar triplet production gives like-sign dilepton signals when one doubly charged scalar 
decays into two charged leptons while the accompanying scalar does into tau jets, neu- 
trinos or charged leptons missed by the detector. Like-sign dilepton signals are common 
to the three types of seesaw mechanism but in the case of the scalar triplet seesaw the 
like-sign dilepton invariant mass spectrum exhibits a peak at M^++ , produced when the 
doubly charged scalars directly decay to light charged leptons (electrons and muons). 
SM backgrounds in this channel are larger than in the previous two modes, but the 
signal significance is still comparable to the one achieved in the four lepton channel. 

For event pre-selection we require two like-sign charged leptons £i , £2 with transverse 
momentum larger than 30 GeV and no additional leptons (otherwise events correspond 
to the channels studied in the previous sections). The number of signal events are 
collected in Table [9l together with the main backgrounds. These pre-selection criteria 

Pre-selection Pre-selection 

A++A~- (NH) 30.6 Wtinj 194.0 

A^^A^ (NH) 72.2 WWnj 205.7 

A++A— (IH) 30.3 WZnj 892.2 

A±±AT (IH) 97.4 WWWnj 86.9 

tinj 1193.6 

Table 9: Number of events for the like-sign dilepton signals and main backgrounds for 
a luminosity of 30 fb~^. 
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are sufficient to observe the signals, and the improvement achieved with further cuts 
{e.g. requiring that the leptons are not back-to-back) is small. The mi^i^ distribution 
for the separate A+"'"A and A^^A^ signals is presented in Fig. [TBI for NH (left) and 
IH (right). The shape of the distributions is as in the two previous subsections, but in 
this case the combinatorial background from r decays is less significant compared to 
the SM background. Like-sign dilepton signals from scalar triplet production benefit 
from the presence of r-tagged jets in the final state, as it is shown in Fig.[l71 Therefore, 
the sensitivity can be improved by splitting the like-sign dilepton sample by the r jet 
multiplicity Nr = 0, 1, 2 and performing an analysis for each subsample. For brevity 
we do not present such a study here. 
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Figure 16: Kinematical distribution at pre-selection of the like-sign dilepton invariant 
mass for the A++A and A^'^^'^A^ signals, in NH (left) and IH (right). The luminosity 
is 30 fb-^ 
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Figure 17: Multiplicity of r-tagged jets for the SM background and the NH, IH signals 
in like-sign dilepton final states at pre-selection level. 



In this channel SM backgrounds are much larger than the signals but, as it happens 
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with trilepton and four lepton final states, they concentrate at low dilepton invariant 
masses. Hence, even with the loose pre-selection cuts used here, the presence of a 
A^^ resonance can be spotted with the examination of the me-^e^ distribution, shown 
in Fig. dUfor the SM background alone and also including the NH and IH signals. The 
A='=='= peaks are less pronounced than in the three and four lepton final states. Despite 
the larger backgrounds at the peak region 

280 < m^,^2 < 320 GeV (66) 

(see Table [10]) , the larger number of signal events provides a signal significance very 
similar to the one in the four lepton final state, and the luminosities required for 5a 
discovery in both NH and IH scenarios, listed in Table [IDl are comparable to the 
four lepton channel. Nevertheless, a disadvantage of the final state is that the 
full event reconstruction, with two competing signal processes and several missing 
particles, is much more involved. The opening angle distribution obtained in this case 
is very distorted from the theoretical value and a background subtraction must also be 
performed. This study is beyond the scope of the present work. 




Figure 18: £1^2 invariant mass distribution for the SM and the SM plus the triplet 
signal in the cases of NH (left) and IH (right). The luminosity is 30 fb~^. 



Case (a) Case (b) 

S B L SB L 

NH 56.5 51.7 15 fb'^ 53.4 54.7 17.4 fb'^ 
IH 114.3 51.7 4.4 fb-i 114.3 51.7 4.4 fb"^ 

Table 10: Number of signal (S) and background (B) events at the nii-^i^ peak for 30 
fb~^ and luminosity L required to have a 5a discovery in the i^i^ final state. 
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5.4 Final state i'^i jr 

Opposite-sign dilepton backgrounds are huge at LHC, mainly coming from tinj and 
Z*/'j*nj production, and make the observation of scalar triplet signals in the £^£~ 
channel virtually impossible. However, the requirement of an energetic r jet, which 
is often present in the signals (except in A+A^) makes the backgrounds manageable. 
The main objective of the study in this section is to show that scalar triplet signals are 
observable in this difficult channel too. A likelihood analysis taking advantage of the 
differences in the kinematical distributions of signals and backgrounds will certainly 
improve the results. We select the events with: 

(i) two oppositely charged leptons with invariant mass larger than 200 GeV, and no 
additional leptons; 

(ii) at least one jet tagged as r jet, with transverse momentum larger than 20 GeV; 

(iii) not more than 2 additional untagged jets with pt > 20 GeV, and no 6-tagged 
jets. 

For the scalar triplet signals the two charged leptons have a very broad invariant mass 
distribution because they are produced in the decay of different particles. The jet jr 
and one of the charged leptons (typically, the most energetic one) have an invariant 
mass distribution which concentrates at M^++ and below. Thus, the presence of the 
signal can be detected as a bump in the m^ij^ distribution. Nevertheless, the mass 
reconstruction is not very good because of the missing energy from the r decay, and 
we will skip its presentation here. A better discriminating variable is the transverse 
momentum of the leading charged lepton pf^ , whose distribution exhibits a long tail 
once that SM backgrounds are conveniently reduced. The kinematical cuts applied 
with this purpose are: 

(i) the missing energy j/t must be larger than 50 GeV; 

(ii) at least one of the r-tagged jets must have transverse momentum pt > 50 GeV; 

(iii) the angle (j) between the two charged leptons in transverse plane has to be larger 
than 7r/2. 

The first requirement eliminates Z*/'y*nj production. The remaining backgrounds 
involve charged leptons from W decays, so the number of e+e~, e+/i~ and fi~^e~ 

events is similar. The number of signal and background events at the pre-selection and 
selection levels can be read in Table [HI 
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Pre-selection 


Selection 




Pre-selection 


Selection 


A++A~ (NH) 


26.4 


16.2 


ttnj 


486.0 


55.2 


A±±AT (NH) 


38.1 


28.3 


tw 


98.4 


9.0 


A++A— (IH) 


12.3 


6.6 


WWnj 


216.9 


7.0 


A±±AT (IH) 


27.3 


19.5 


Z*h*nj 


2424.5 


0.7 



Table 11: Number of events for the jr signals and main backgrounds for a lumi- 
nosity of 30 fb~^ 

The contribution of scalar triplets to the i'^i'jr final state can be detected as a long 
tail in the transverse momentum distribution for the leading charged lepton, presented 
in Fig. [19] for the cases of NH and IH. The signal contributions are spread across a wide 

range, and normalising the SM background seems non-trivial. In order to estimate 
the signal significance in this channel we assume a 20% uncertainty in the backgrounds, 
incorporated in the calculation of the statistical significance. Requiring 

p^r^ > 200 GeV (67) 

the number of background events is 10.1, while most of the signal survives, 34.4 events 
for NH and 20.2 for IH, giving significances Sq = 10.6a, S20 = 9.0a (NH) and Sq = 6.2a, 
S20 = 5.3a (IH). 




Pt 



Figure 19: p^^ distributions for the SM and the SM plus the triplet signal in the cases 
of NH (left) and IH (right). The luminosity is 30 fb'^ 



5.5 Final state f^^jVjVjr 

The huge cross section for Wnj production makes the signals in Eq. f l52ll unobservable 
in final states with only one charged lepton. In order to reduce this and the rest of 
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backgrounds we require three tagged r jets with transverse momentum larger than 20 
GeV, in addition to a charged lepton with px > 30 GeV. The number of events for a 
luminosity of 30 fb~^ is gathered in Table [12] for the most relevant processes. It is clear 
that even requiring three r jets, which imply a background rejection factor ~ 10~^, is 
not enough to make the signals observable. 

Pre-selection 

A++A— (NH) 3.0 
A±±AT (NH) 0.3 
A++A— (IH) 0.5 
A±^AT (IH) 0.1 

ttnj 3069.8 

bbnj 1200 

Wnj 72740 

Table 12: Number of events for the i'^jTjrjr signals and main backgrounds for a lumi- 
nosity of 30 fb~^ 



5.6 Outlook 

In this section we have examined the scalar triplet signals in the case of small vev f a, 
such that triplet decays are dominated by the leptonic channels. Our approach has 
been different from recent studies [35,36]. Instead of classifying signals by the particles 
produced {e.g. light charged leptons, tans, neutrinos) we have classified them by the 
signatures actually seen. We believe that the latter is more adequate because most 
final states (except the one with four leptons) receive contributions from A++A and 
A^^A^ production, although these two processes can be separated to some extent 
with an adequate reconstruction, as the one performed for the i^i^i"^ channel. 

We have devoted special attention to r lepton decays. Indeed, the invariant mass 
distribution of like-sign dileptons resulting from A^''^'' decays has, in addition to a clear 
peak from direct A^''^'' — > i'^i'^ decays, a broad bump originated when A^''^'' decays 
into one or two taus, which subsequently decay leptonically. This bump constitutes 
a "combinatorial background", which in the cleanest and i'^i'^i'^ channels is 

actually larger than the SM background and decreases the relative height of the peaks. 
If the SM trilepton and four lepton backgrounds have to be normalised with data|3 then 

''^This is a pessimistic hypothesis, but perhaps it will be the case in the first months of LHC running, 
when a 300 GeV scalar triplet would be discovered. 
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this combinatorial background decreases the observability of the scalar triplet signals. 
The effect is not very dramatic, however. 

Comparing the several channels with two, three and four leptons we have concluded 
that the trilepton channel is by far the best one for both NH and IH, and could give 
5(7 evidence of doubly charged scalars with a luminosity five (for NH) or three (for 
IH) times smaller than the one required in the four lepton channel. This is due not 
only to the additional contribution of A^^A^ to trilepton final states but also to the 
larger branching ratio in A++A production. The like-sign dilepton and four lepton 
channels have similar sensitivities. The channel with an opposite charge lepton pair 
and a tagged r jet is more difficult, although positive signals can be observed in the tail 
of the leading lepton momentum distribution. Channels with only one charged lepton 
suffer from huge backgrounds and triplet signals are unobservable. 

Finally, we have addressed the identification of the scalar nature of the A='^='^. We 
have examined the opening angle distribution in the three and four lepton channels, 
finding that the detector effects do not alter significantly the distributions (which can 
be eventually corrected, anyway) and they are compatible with the hypotesis of a spin 
particle. In the final state, the presence of reconstructed events with large 

missing energy indicates A^^'^A^ production, thus giving evidence of the non-singlet 
nature of A. 



6 Seesaw III signals 

The charged and neutral members of the fermion triplet can be produced in the partonic 
processes 

qq^ Z* /-I* ^E+E- , 

qq' ^W* ^ E^N . (68) 

Neutral lepton pairs are not produced because N has T3 = 0, F = and thus they 
do not couple to the Z boson§| The production cross section only depends on the 
E, N masses, since the triplet interactions are fixed by the gauge symmetry. The 
triplet splitting is expected to be very small, and the mass differences are irrelevant for 
production. The dependence of the cross sections on the common mass niE = mjq = 
mj] is represented in Fig. [20l 

* Similar analyses can be performed to investigate the discovery prospects for heavy leptons trans- 
forming as electroweak doublets and charged singlets [98]. 
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Figure 20: Cross section for production of heavy lepton pairs E N, E^E at LHC. 



Except for tiny mixings Vin ~ 10~^, the new heavy leptons decay almost exclusively 
to SM leptons plus a gauge or Higgs boson. (For mixings of this size and the mass 
assumed here ttie^n = 300 GeV the branching ratios to decays between triplet members, 
allowed by the small mass splitting, are below 10% [37].) The partial widths for E 
decays are 



Z 



r{E+^l+Z) = ^^V^^2^ 1-^ 1 + ^-2^ 
647rcw Mi \ mi, J \ mi, 



H 



o47r V m ' 



while the widths for decays are the same as for the heavy neutrino singlet in Eqs. 
The total branching ratios for the W, Z and H modes, summing over light charged 
lepton and neutrino species, do not depend on the value of the mixings Vin but only 
on the heavy masses mE,N- The partial widths to different flavours are in the ratios 



T{E+ vi,W+) T{E+ hZ) r(E+ ^ hH) \Vi 



hN\ 



|2 



V{E+^ui,W+) T{E+^kZ) T{E+^hH) \Vi,n\' 



(70) 



The observability of the new states E, N strongly depends on their coupling to the SM 
leptons. A triplet coupling to the electron and/or muon leads to final states with very 
energetic electrons and/or muons, which give clean signals. Since at high transverse 
momenta the backgrounds involving electrons and muons have roughly the same size, 
the observability of the new signals is similar in these cases. On the other hand, a 
triplet coupling to the third generation gives r leptons as decay products, which are 
much more difficult to observe. We will then select two scenarios for our analysis. In 
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scenario Tl we assume that E and N only couple to (e, z/g), so that their decays give 
e, Ue in the final states. As we have argued, the observability in case that E, N couple 
to the second generation as well (or only to it) is similar. Scenario T2 assumes that E, 
N only couple to (r, z/,-), and it is the most pessimistic one. 

Even with E^ N coupling to one lepton flavour, there is a plethora of possible final 
states resulting from E^E~ and E^N production, given by the several decay possi- 
bilities of each heavy lepton. They are collected in Table [131 iiot including the decay 
of the W , Z and H bosons. These decay channels lead to many final state signatures 





E+ jjW+ (0.54) 


E+ l+Z (0.27) 


E+ l+H (0.19) 


E- uW- (0.54) 


lyuW-^W- (0.29) 


l+vZW- (0.15) 


l+uHW- (0.10) 


E' l-Z (0.27) 


l-iyZW+ (0.15) 


l+l-ZZ (0.07) 


l+l'ZH (0.05) 


E' l-H (0.19) 


l-uHW+ (0.10) 


l+l-ZH (0.05) 


l+l-HH (0.04) 


N l-W^ (0.27) 


l-iyW+W+ (0.14) 


1+1-ZW+ (0.07) 


1+1-HW+ (0.05) 


N l+W- (0.27) 


l+uW+W- (0.14) 


l+l+ZW- (0.07) 


l+l+HW- (0.05) 


N ^vZ (0.27) 


uiyZW+ (0.15) 


l+uZZ (0.07) 


l+vZH (0.05) 


N ^vH (0.19) 


uiyHW+ (0.10) 


l+vZH (0.05) 


(0.04) 



Table 13: Final states for E+E and E+N production, with their approximate branch- 
ing ratio for uie^n = 300 GeV. 

which can be conveniently classified by their charged lepton multiplicity. A realistic 
analysis must take into account all possible contributions to a given signal. Indeed, 
in our analysis we find that for most final states there are several possible competing 
contributions from different decay chains. Additionally, final states with smaller lep- 
ton multiplicity receive contributions from final states with more leptons when one or 
more are missed by the detector. In our study we consider all decay channels generated 
by Triada and passed through a parton shower Monte Carlo and a detector simula- 
tion. The final states studied are: (a) six leptons; (b) five leptons; (c) £^£^£^£^X; (d) 
i+i+i-i-X; (e) i+i+i+X; (f) i+i+i+X; (g) i+i+X; (h) i+i-jjjjX; (i) i^jjjjX. As 
before, the charged leptons are i = e, fi, including all fiavour combinations. Signals 
with four like-sign leptons are in principle possible but they are found to be negligible. 
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We take a common mass mE,N — 300 GeV, for which the decay branching ratios are 

Br(E+ PW+) = 0.537, 

Br{E+ l+Z) = 0.271 , 

Br(E+ ^ tH) = 0.192, 

Bt{N 1-W+) = Bt{N 1+W-) = 0.269 , 

By{N vZ) = 0.271 , 

Br(A^ ^ vH) = 0.192 . (71) 

We give results for both scenarios Tl and T2, summing backgrounds with electrons 
and muons. 



6.1 Six lepton final states 

These final states are the cleanest ones but the signal cross sections are tiny. Six lepton 
final states can only be produced in the channel 

E+E- e+ZrZ , Z i+r (Br = 3.5 x 10"^) . (72) 

The overall branching ratio is calculated for = 300 GeV and includes Z decay. For 
an E'^E" cross section of 160 fb, this corresponds to 1.7 events in 30 fb~^, further 
reduced by detection efficiencies. Minor additional contributions are also present from 
Z — > T'^T~ with the subsequent r leptonic decay. 

We require for event selection six isolated charged leptons, at least two of them 
having transverse momentum larger than 30 GeV and all of them with pr > 15 GeV 
(if they are electrons) and pt > 10 GeV (if they are muons). No SM background 
events survive these selection criteria, while 0.6 signal events are found in scenario Tl 
and 0.1 events in scenario T2. Therefore, this final state is only relevant for very high 
integrated luminosities, well above 300 fb~^. 



6.2 Five lepton final states 

Fermion triplet production can give five lepton final states in several decay channels, 

E+N e+Ze^W^ , Z £+r , W ^iu (Br = 2.2 X 10"^) , 

E+N e+Z uZ, Z ^ tr (Br = 3.5 x 10"^) , (73) 

and similarly for E'N production. Small additional contributions from W ^ Z decay 
to T leptons are also present. Additionally, five leptons can be produced in the channel 
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of Eq. (I72ll when a lepton is missed by the detector. Clearly, this is a general feature: 
final states in which a given number of leptons are produced contribute to final states 
with a smaller lepton multiplicity when one or more of them are missed by the detector. 
Five lepton signals have branching ratios 7 times larger than six lepton signals, and so 
they are expected to be more significant, because they still have tiny backgrounds. 

For event selection we require, analogously to the previous case, five charged leptons, 
at least two of them having transverse momentum larger than 30 GeV and all of them 
with pt > 15 GeV (for electrons) and pr > 10 GeV (for muons). The number of 
signal and background events is collected in Table [TH We do not set any additional 
selection criteria, since the background is sufficiently small. For the scenario Tl, 5a 
discovery can be reached with 28 fb~\ while for scenario T2 the signal is too small to 
be observed even with 300 fb~^. It is important to remark that neither neutrino singlet 
nor scalar triplet production produce five lepton final states, so this mode can signal 
fermion triplet production, although only for relatively large luminosities. 



E+E- (Tl) 
E^N (Tl) 
E+E- (T2) 
E^N (T2) 



Table 14: Number of events for the five lepton signals and main backgrounds for a 
luminosity of 30 fb~^. 



Selection 




Select] 


0.9 


ttnj 


0.1 


9.7 


WZZnj 


0.7 


0.3 


ZZZnj 


0.1 


1.2 







6.3 Final state i^i^i^i"^ 

The E'^N production process with decay 

E+N tZ tW- , Z £+r , W qq (Br = 3.4 x 10"^) , (74) 

(and its charge conjugate) can produce this interesting final state with three like-sign 
leptons and a fourth one of opposite sign. An additional contribution approximately 
five times smaller arises from — > i~W^ when i~ is missed and the W boson decays 
leptonically. The i'^i'^i'^P final state cannot be produced in seesaw I and II scenarios, 
so it constitutes a very characteristic signature for fermion triplet production. Addi- 
tionally, this final state provides a clean measurement of the heavy E mass, as we will 
show in this subsection. 
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Signal and background events are selected by requiring four isolated charged leptons 
with a total charge of =t2, two of them with transverse momentum larger than 30 GeV. 
We do not apply veto cuts on the invariant mass of opposite charge lepton pairs, since 
the signal itself involves Z boson decays. The number of signal and background events 
fulfilling these requirements is collected in Table [ISl The SM background is small 
enough so as to allow the observation of the signal (in scenario Tl) by the analysis of 
kinematical distributions, and further kinematical cuts are not necessary. 

Pre-selection Pre-selection 

E^E- (Tl) 0.7 ttnj 26.7 

E^N (Tl) 24.2 Zhlnj 18.8 

E^E- (T2) 0.4 Zttnj 3.5 

E^N (T2) 4.5 



Table 15: Number of events for the i^i^i^P^ signals and main backgrounds with a 
luminosity of 30 fb~^. 

There are several kinematical distributions in which the presence of the fermion 
triplet signals may manifest. Among these, the mass reconstruction of the heavy states 
deserves special attention. We follow a procedure adapted for the channel in Eq. ((711), 
which gives the main contribution to the signal: 

1. First, the two charged leptons coming from the Z boson decay are identified, 
selecting among the three possibilities the opposite sign pair t^t^ which has an 
invariant mass closest to M^. As the plot in Fig. [2T] (left) shows, there are long 
tails in this distribution caused by signal channels different from that in Eq. fl7^ . 
The background has not been included in this plot for clarity. 

2. Assuming for the moment that the true heavy charged lepton mass is known, 
we can determine which leptons are its decay products choosing between the two 
possibilities t^i'^ic and ia^'^^d, the one giving an invariant mass closest to m^;. 
The reconstructed E mass m^*^ is then the three-lepton invariant mass. This 
distribution is presented in Fig. [2T] (right) for the signal alone, in order to see 
how the reconstruction procedure works. 

The reconstructed E mass distribution is presented in Fig. [22] (left) for the SM 
background and the background plus the heavy triplet signal in scenario Tl (in scenario 
T2 the peak is unobservable, as shown in Fig. El]). We notice that the background is 
not significantly biased by the selection of the charged lepton giving m^*^ closest to 
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Figure 21: Left: invariant mass distribution for the fermion triplet signal in the 

two scenarios Tl and T2. Right: reconstructed E mass distribution (see the text). 
The luminosity is 30 fb~^. 



niE- The input value of rriE necessary for the reconstruction can be found by plotting 
the invariant mass of with each of the two remaining leptons, obtaining a plot 
with two entries per event shown in Fig. [22] (right). This plot displays a clear peak 
from which rriE can be determined, although the low statistics may compromise the 
determination for low luminosities. Note that we do not reconstruct the N mass at this 
stage because we do not require extra jets (which are produced in ^ — > d-qq') in 
event pre-selection to keep the signal as large as possible. 





400 500 



Figure 22: Left: m^*^ distribution for the SM and the SM plus the fermion triplet 



signal in scenario Tl. Right: 
The luminosity is 30 fb~^. 



+ 



distribution (two entries per event). 



A more adequate variable for low statistics is the mass distribution of the leading 
and sub-leading like-sign leptons, labelled as £i and respectively. The variable mi^i^ 
is a very good discriminator, as it can be seen in Fig.[23l Since the signal almost always 
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has two very energetic leptons, their invariant mass is large. The number of signal (in 



> 

Ol5 



— SMbkg + L(Tl) 
SMbkg 




— SMbkg + L(T2) 
SMbkg 



Figure 23: £1^2 invariant mass distribution for the SM and the SM plus the fermion 
triplet signal in the scenarios Tl (left) and T2 (right). The luminosity is 30 fb~^. 



scenario Tl) and background events when cuts are applied on the reconstructed E 
mass or in m^^^g ^ire collected in Table fT6l In the first case, we select a 20 GeV interval 
around the peak, and in the second we require m^^^j > 150 GeV. We assume that 
(a) the SM background is perfectly known, and (b) it is normalised from data (for 
'^£1^2 use the region m^^^j < 150). The luminosity needed for 5(T discovery is also 
given. For the scenario T2, the event selection done here is not sufficient to discover 
a signal with a luminosity of 300 fb~^. Moreover, the small size of this signal and its 
distribution across all the im7^^ and m^^^j range implies that the systematic uncertainty 
in background normalisation has to be investigated in detail in order to draw a definite 
prediction for the sensitivity. 

Case (a) Case (b) 

S B L S B L 

Tl (cut on mjf'^) 17.4 2.5 17.4 fb'^ 16.6 3.3 18.3 fb-^ 
Tl (cut on m^^^J 20.9 2.6 14.4 fb"^ 20.8 2.7 14.7 fb"^ 

Table 16: Number of signal (5) and background {B) events for 30 fb~^ in the regions 
280 < m^*^ < 320 GeV (upper row) and m^^^^ > 150 GeV (lower row), and luminosity 
L required to have a 5(T discovery in the l^l^l^t^ final state. 

Once that a positive signal is discovered, it can be investigated whether the open- 
ing angle distribution corresponds to the expectation for E^N production. For this 
process, the dependence of the partonic cross section on the polar angle in the CM 
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system is given by 



da 



dcos9 



oc 1 + — ^ cos^ e . 



(75) 



where E = vs/2, with s the partonic CM energy. After weighting with phase space 
factors and PDFs, the resulting distribution depends little on the common mass ms, 
as it is shown in Fig. [24l The distribution approximately corresponds to a dependence 
da (X 1 + 0.28 cos^ 9, rather flat compared to the one for massless final state fermions, 
da (X 1 + cos^ 9. 
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Figure 24: Dependence of the E'^N cross section on the CM polar angle 9, at the 
generator level, for different values of ms. 



In the simulations we require for the reconstruction of the CM system the presence 
of two jets, as produced in the channel which gives the largest contribution to the signal, 
E^N — » i^Z{^ > qq'). Both jets must have transverse momentum larger 

than 20 GeV. The reconstruction of the E momentum proceeds as before, identifying 
the three leptons resulting from the E decay. The heavy neutrino is reconstructed from 
the two jets and the remaining lepton: 

1. First, the W boson momentum is reconstructed using the two jets with larger 
transverse momentum, and rescaled so that their invariant mass is M\y. 

2. Then, the momentum of the remaining charged lepton is summed, to form the 
N momentum. 

The quality of the reconstruction is ensured by requiring that m^*^ lies between 280 
and 320 GeV, after which 10.4 signal events survive. Cuts are not applied on m^^^ in 
order to keep the signal as large as possible. The opening angle distribution after event 
selection and reconstruction for the scenario Tl is shown in Fig. [25] (left). The result 
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seems compatible with the theoretical expectation even without using any correction 
function to parameterise the detector effects, although the Monte Carlo statistics is 
insufficient even with 3000 fb~^ generated. Clearly, this distribution will be useful 
only for very large integrated luminosities. In Fig. [25] (right), we present a possible 
experimental result for 30 fb~^, generated from the distribution in the left side of 
this figure, and corresponding to 11 signal events. This hypothetical "experimental 
result" has little resemblance with the theoretical expectation due precisely to the 
small number of events. 




cos 9 cos 9 

Figure 25: Left: Normalised opening angle distribution for the i^i^i^i"^ signal in 
scenario Tl. Right: Possible experimental result for a luminosity of 30 fb~^ (with 11 
events). 



6.4 Final state £+£+£-£~ 

In contrast with the previous Q = ±2 four lepton final state, the signal is 

common to scalar and fermion triplet production. In the latter case, four leptons can 
result from many decay channels, namely 

E+E-^tZrZ, ZZ^ttqq/vv (Br = 9.1 X 10"^) , 

E^E- ^tZrH/tnrZ , Z ^tr,H ^qq (Br = 6.9 X 10"^) , 

E+E' vW+rZ/tZvW- , Z £+r , W -^Iv (Bi = 4.5 X 10~^) , 

E^N^tzrW^, Z^tr,W^qq (Br = 3.4 X 10^^) . (76) 

Additional channels with r leptons, or more charged leptons which are missed, also 
contribute. This final state is crucial in order to establish the production of the heavy 
charged lepton E, which is seen as a sharp peak in a trilepton invariant mass distribu- 
tion. This distribution also can be used to experimentally measure uie- 
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In order to better compare with the scalar triplet production in section 15.11 we use 
the same pre-selection and selection criteria: for pre-selection we require four isolated 
charged leptons with total charge Q = 0, at least two of them with transverse momen- 
tum larger than 30 GeV, and for event selection we ask that opposite charge leptons 
cannot be paired in such a way that both pairs have a mass closer to Mz than 5 GeV. 
The number of events at pre-selection and selection levels are collected in Table [T71 
(backgrounds are the same as in Tabled] but quoted for convenience). 





Pre-selection 


Selection 




Pre-selection 


Selection 


E+E~ (Tl) 


43.6 


42.9 


tinj 


116.0 


115.7 


E^N (Tl) 


27.3 


26.8 


Zbbnj 


53.1 


53.1 


E+E- (T2) 


8.2 


7.7 


Ztinj 


32.9 


31.5 


E^N (T2) 


8.6 


7.6 


ZZnj 


617.7 


98.7 



Table 17: Number of events for the four-lepton signals and main backgrounds for a 
luminosity of 30 fb~^. 

The processes in Eqs. ( l76ll originate broad like-sign dilepton invariant mass distri- 
butions, shown in Fig. [26] at the pre-selection level. The distributions are much wider 
and completely different from the peaks found for the scalar triplet, plotted in Fig.[7]of 
section [5Tl and the discrimination between both possibilities should be possible already 
with a small number of events. To see this, in Fig. [26] we plot the m^^^^ distribution 
for the SM background and in the presence of the fermion triplet signals in scenarios 
Tl (left) and T2 (right), after event selection. 

The heavy E mass can be reconstructed in a way analogous to that for the previous 
l^l^l^l^ final state. Notice that all channels in Eqs. ([761 ) involve the decay E 
iZ i£~^£~. The Z boson can be identified selecting among the four possibilities 
the opposite sign pair ^^^^ with an invariant mass closest to Mz. Then, the charged 
lepton produced in the E decay is chosen among the remaining ones ic, d-d as the one 
giving a three-lepton invariant mass closest to m^. The resulting signal distributions 
are very similar to the ones in Fig. [211 and are not shown for brevity. The rrf^^ and 
^a^b^c + ^t^b^d distributions for scenario Tl (the latter with two entries per event) 
are shown in Fig. [27l including the background. For scenario T2 the number of events 
is much smaller (see Table [TTll and widely distributed (see Fig. [211), so the signal is not 
visible in this channel. For comparison, in the lower half of Fig. [27] we show the same 
variables for scalar triplet production in NH and IH. Clearly, this distribution together 
with the m£j£2 distribution can serve to discriminate among the two seesaw scenarios. 
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Figure 26: Up: Kinematical distribution at pre-selection of the two like-sign dilepton 
invariant masses me-^e^ and mi^i^ for the fermion triplet signal in scenarios Tl (left) and 
T2 (right). Down: m^^^j distribution for the SM and the SM plus the fermion triplet 
signals in the scenarios Tl (left) and T2 (right). The luminosity in all plots is 30 fb~^. 

The number of events at the peak 

280 < m'^^ < 320 GeV (77) 

is collected in Table fT8l for the cases (a) and (b) used in the previous analysis, with the 
luminosity needed for discovery in scenario Tl. For scenario T2 the signal significance 
is smaller than la for 30 fb~^, and discovery cannot be accomplished unless very large 
luminosities are collected and a very precise background normalisation is achieved. 

Case (a) Case (b) 

S B L S B L 

Tl 55.7 14.3 6 Ib'^ 53.7 16.3 6.9 fb'^ 

Table 18: Number of signal (S) and background {B) events at the m^*^ peak for 30 
fb~^, and luminosity L required to have a 5a discovery in the final state. 
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Figure 27: Up: m^*^ distribution for the SM and the SM plus the fermion triplet signal 
in scenario Tl (left) and ^t^h^c + ^t^b^d invariant mass distribution (right). Down: 
the same for the scalar triplet A, for NH and IH. The luminosity in all cases is 30 fb~^. 

Finally, in this decay channel the full reconstruction of the final state kinematics 
can be done as in the previous subsection, requiring two jets with px > 20 GeV. We 
point out that the distribution is the same for E^E^ and E'^N production. The 
result is shown in Fig. [28l Although the distribution after detector simulation and 
reconstruction is flatter than in the i'^i'^i'^i'^ flnal state the statistics is three times 
better, and with an adequate parameterisation of the detector effects this channel may 
be more useful to determine the opening angle distribution. 

6.5 Final state i^i^i"^ 

This conspicuous flnal state is produced when one or several charged leptons are missed 
by the detector, or from a decay Z t~^t~ with one r decaying hadronically and 
the other one leptonically. Both the signal and its SM backgrounds are small. Pre- 
selection criteria are analogous to the other channels studied, and in this case they 
involve the presence of three like-sign charged leptons, two of them with pt > 30 GeV. 
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Figure 28: Left: Normalised E"^ opening angle distribution for the signal in 

scenario Tl. Right: Possible experimental result for a luminosity of 30 fb~^ (with 32 
events). 



The number of like-sign trilepton signal and background events at pre-selection can be 
read in Table [191 Backgrounds can be further suppressed by raising the pt threshold of 
the leading and sub-leading leptons to 50 GeV, which reduces the total background to 
1.9 events. Since in this case the discovery potential mainly depends on the size of the 
signal itself, we can neglect the SM background normalisation uncertainty. Then, the 
signal in scenario Tl has 5a significance for a luminosity of 30 fb~^, while in scenario 
T2 the statistical significance is of only 1.5cr. 



Pre-selection Selection Pre-selection Selection 



E+E- (Tl) 


0.1 


0.0 


ttnj 


5.3 


0.1 


E^N (Tl) 


11.0 


10.2 


Wbbnj 


0.4 


0.0 


E+E- (T2) 


0.1 


0.0 


Wttnj 


3.6 


1.8 


E+N (T2) 


1.6 


0.9 


Ztinj 


0.3 


0.0 



Table 19: Number of events for the like-sign trilepton signals and main backgrounds 
with a luminosity of 30 fb~^. 



6.6 Final state i^i^i"^ 

This is an excellent final state for the discovery of fermion triplets (as it is also for 
scalar triplets), due to the relatively high signal rate and the small background. It 
provides the same signal significance as the like-sign dilepton channel studied in the 
next section without the need of event reconstruction, and has the advantage that it 
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serves to establish the production of the heavy neutrino A^, which is seen as a peak 
in the invariant mass distribution of two opposite charge leptons plus the missing 
momentum. 

The i'^i'^i'^ signal receives contributions from many E, N decay channels. Final 
states with three leptons include 

Z qqluu, W ^iu (Br = 2.8 x 10"^) , 
H ^ qq,W ^ iu (Br = 2.2 x 10"^) , 

W ^iu (Br = 7.2 X 10"^) , (78) 

with similar channels for E'N, and additional decay modes where two of the charged 
leptons result from decays Z — ^ The latter are less important, because they 

have smaller branching ratios and are suppressed by the selection criteria used for this 
final state. On the other hand, important additional contributions arise from decay 
modes with additional charged leptons missed by the detector, in particular from E^E~ 
production. Despite the lower charged lepton multiplicity, this three lepton signal is 
quite clean and has a cross section much larger than those with more leptons. 

In order to compare the scalar and fermion triplet signals, we use the same pre- 
selection and selection criteria as in section 15. 2[ for pre-selection we demand the pres- 
ence of two like-sign leptons ii and £2 with transverse momentum larger than 30 GeV 
and an additional lepton of opposite sign, and for selection we ask that neither of the 
two opposite-sign lepton pairs has an invariant mass closer to Mz than 10 GeV. This 
cut reduces the signal by about one fifth, because some of the decay channels involve 
two charged leptons from Z decays, but it is crucial in order to remove the large back- 
ground from WZnj production, as it is clearly seen in Table [20l where the number of 
events for each process at the two stages of event selection is collected. 

The simplest discriminating variable between the scalar and fermion triplet signals 
is the like-sign dilepton invariant mass m^^^^. In Fig. [13] of section [5^2] we observed 
that the scalar triplet signals produce a sharp peak in this distribution, while for 
the fermion triplet signals the distribution is very broad and has a long tail at large 
m^^^2, as shown in Fig. [29l For the production of a relatively light neutrino singlet 
the excess of events is broad, concentrating at intermediate m^^^^ values and without 
a tail. Thus, an excess of (i'^d'^t^ events with a broad m^^t^ distribution and a long 
tail points towards E^E~ and/or E^N production, a fact which can be confirmed 
by the event reconstruction performed below. If the trilepton backgrounds can be 
accurately predicted, the analysis of this distribution can already signal the presence 



E+N -^tZl^W^ , 
E+N ^ i+Hi^W^ , 
E+N vW^ tW^ , 
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Pre-selection 


Selection 




Pre-selection 


Selection 


E+E- (Tl) 


62.7 


21.2 


Zbbnj 


33.3 


2.0 


E^N (Tl) 


406.2 


298.5 


Zttnj 


152.5 


16.8 


E+E- (T2) 


26.5 


4.5 


WZnj 


4113.8 


73.4 


E^N (T2) 


78.1 


34.4 


ZZnj 


276.1 


4.2 


ttnj 


322.8 


212.2 


WWWnj 


22.7 


16.8 


tw 


17.8 


12.2 


WWZnj 


42.7 


1.7 


Wtinj 


45.5 


35.1 









Table 20: Number of events for £^£^£^ signals and main backgrounds for a luminosity 
of 30 fb-^ 





Figure 29: Up: Kinematical distribution at pre-selection of the like-sign dilepton in- 
variant mass m^j£2 for the E^E^ and E^N signals in scenarios Tl (left) and T2 (right). 
Down: £1^2 invariant mass distribution for the SM and the SM plus the fermion triplet 
signal in the scenarios Tl (left) and T2 (right), at the selection level. The luminosity 
is 30 fb~^ in all cases. 

of new physics with a high significance. We set the cut 

me,e^ > 150 GeV (79) 
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and give in Table [2T] the number of signal and background events in this region, with the 
luminosity needed to achieve 5a significance if the background uncertainty is neglected. 
Since in the m^^^j distribution the signal does not appear as a clear peak, it is difficult 
to estimate a priori to what extent the background can be normalised from data in 
case that a signal is found. We will assume anyway that the background is normalised 
in the region m^^^j < 1^0 GeV to give an approximate estimate of the discovery limit. 
In scenario Tl the triplet signal can be quicky seen with few fb~^, while in scenario T2 
the size of the signal is much smaller. However, the signal significance in scenario T2 
is better in this final state than in the other ones studied, and this signal could be seen 
with sufficient luminosity provided that the background is well understood. We also 

Case (a) Case (b) 

S B L S B L 

Tl (cut on mi^i^) 228.6 80.1 1.7 fb^^ 204.6 104.1 2.5 fb'^ 
T2 (cut on mi^i^) 18.1 80.1 186 fb'^ 12.5 85.7 > 300 fb'^ 



Table 21: Number of signal (S) and background (B) events with m^^^j > 150 GeV for 
30 fb"^, and luminosity L required to have a 5a discovery in the i'^i'^i'^ final state, 
without event reconstruction. 

point out that requiring one or more jets in the final state does not improve the signal 
observability. In Eqs. ( f78l) we observe that several decay channels do not involve the 
production of extra quarks in the final state, so that requiring the presence of extra 
jets reduces the signal. This is easily observed in the multiplicity distribution, shown 
in Fig. [30] for the signals and the backround. Note that the dip at Nj = 1 in the signal 
distributions is not a statistical fluctuation but the effect of summing different channels 
with different quark multiplicities in the final state. 

Although the trilepton excess at high me-^e^ indicates the presence of new physics, its 
source must be identified. The confirmation that the excess is due to E'^N production 
is given by the mass reconstruction of the heavy charged lepton E and the neutrino 
A^. In order to fully reconstruct the event kinematics we must specify further selection 
criteria to restrict ourselves to some of the channels in Eqs. f FTSl) . We ask the presence 
of at least two jets with transverse momentum larger than 20 GeV, as produced in 
the first two channels listed with hadronic Z/H decay. This additional requirement 
reduces the signals to 190.8 events (Tl) and 16.1 events (T2), and the background 
to 258.0 events. With three leptons and two jets identified, plus missing energy, the 
kinematics can be reconstructed as follows: 
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Figure 30: Jet multiplicity of the SM background and the fermion triplet signals in 
final states at selection level. 



1. The momentum of the Z or H boson decaying hadronically is reconstructed as 
the sum of the momenta of the leading and sub-leading jets. 

2. The heavy charged lepton E can be reconstructed from this boson and one of 
the two like-sign leptons, and the heavy neutrino N from the two remaining 
leptons and the missing neutrino momentum (the longitudinal component of the 
neutrino momentum is neglected for the moment, and the transverse component 
is taken as the missing energy). There are two possibilities for this pairing, and 
we choose the one giving closest invariant masses for the reconstructed E and 
N. In scenario Tl this selection procedure gives the correct choice in most of the 
cases, as it can be observed in the kinematical distribution of the reconstructed 
E mass in Fig. [3ll In scenario T2, due to the missing energy from the r leptonic 
decay, the distribution does not exhibit a peak. 

3. The reconstruction can be refined by including the longitudinal neutrino mo- 
mentum. We select among the two charged leptons the least energetic one 4, 
and require that its invariant mass with the neutrino is Mw, 

{pi,+Puf = M^, (80) 

taking the transverse components of as the missing energy. This quadratic 
equation determines the longitudinal neutrino momentum up to a twofold ambi- 
guity, which is resolved selecting the solution with smaller {pu)z- In case that no 
real solution exists, the transverse neutrino momentum used in Eq. (ISOll is de- 
creased until a real solution is found. The resulting N invariant mass distribution 
is presented in Fig. [3ll 
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Figure 31: Reconstructed E (left) and N (right) masses for the fermion triplet signals 
in scenarios Tl and T2, without background, in the i'^i'^i'^ final state. The luminosity 
is 30 fb-^ 



Fig. [32] displays how the fermon triplet signal in scenario Tl would appear in the 
presence of background: the signal produces clear peaks over the background in both 
distributions. We do not include the corresponding distributions for scenario T2, where 
the signal is much smaller and difficult to see. For comparison, we also show in Fig. [32] 
the distributions corresponding to scalar triplet production. In the latter case the 
signals are much smaller after the requirement of two extra jets, which are not produced 
at the partonic level. The statistical significance of the peaks is very high, as it can 
readily be observed from the corresponding distributions. We define the peaks as 

240 < m'i" < 360 GeV , 

240 < mj^'^ < 360 GeV . (81) 

The number of events at both peaks can be found in Table [22], and the luminosity 
needed for 5a discovery. We neglect the background uncertainty, because the discovery 
significance in this case is mainly controlled by the size of the signal itself. 

Case (a) 
S B L 

Tl (cut on m^J^ m'^^) 110.3 15.9 2.7 fb"^ 

Table 22: Number of signal (S) and background (B) events in the m^*^ and m^*^ peaks 
(defined in the text) for 30 fb~^, and luminosity L required to have a 5a discovery in 
the £^£^P plus two jet final state. 

Finally, although the statistics in this channel is very good, the reconstructed open- 
ing angle distribution shows large deviations from the theoretical expectation due to 
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Figure 32: Up: m^*^ (left) and m^*^ (right) distributions for the SM and the SM plus 
the fermion triplet signal in scenario Tl. Down: the same for the scalar triplet A, for 
NH and IH. The luminosity is 30 fb~^ in all cases. 



detector effects, and the use of correction functions is compulsory in order to make a 
meaningful comparison. This issue will not be addressed here. 

6.7 Final state 

This final state has a similar discovery potential as the previous one Decay 
channels giving like-sign dileptons include 

E+N i+Z tW- , Z qq/uu, W qq' (Br = 4.3 x lO'^) , 

E+N £+H e+W- , H ^qq,W ^ qq' (Br = 3.3 x 10"^) , 

E+N PW+ tW- , W+ iu, W- qq' (Br = 2.1 x 10"^) , (82) 

and analogous channels for E^ N decays. The contributions with final state neutrinos 
have not been included in Ref. [37], which focuses on four jet final states. As usual, 
additional contributions arise from decays with larger lepton multiplicities when one 
or more of them are not detected. For event pre-selection we use the same requirement 
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as for the scalar triplet analysis, that is, two like-sign leptons with pt > 30 GeV. The 
number of signal and background events are gathered in Table [23l 





Pre-selection 


Selection 
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E^N (Tl) 


678.1 
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WWnj 
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15.2 


E+E- (T2) 


6.8 


0.1 


WZnj 


892.2 


32.3 


E^N (T2) 


114.7 


1.8 


WWWnj 


86.9 


4.3 


ttnj 


1193.6 


166.0 









Table 23: Number of events for the like-sign dilepton signals and main backgrounds 
for a luminosity of 30 fb^^. 

Already at the pre-selection level, the differences between the scalar and fermion 
triplet signals are evident by merely considering the dilepton invariant mass distribu- 
tion, which displays a sharp peak in the former case and a non-localised excess in the 
latter, with a long tail. The distributions for the fermion triplet signal in scenarios Tl 
and T2 are shown in Fig. [33l without and with the SM background. This distribution 
can already be used to discover the fermion triplet signal, which shows up as a dilepton 
excess at large invariant mass. We will use, as in the previous subsection, the cut 

m^,^2 > 150 GeV. (83) 

The number of signal and background events is given in Table [24] with the luminosity 
needed for 5a discovery, if the background uncertainty is neglected (a) or the back- 
ground is normalised from data in the region m^^^j < 150 GeV (b). 

Case (a) Case (b) 

S B L S B L 

Tl (cut on nie^e,^) 525.3 692.7 2.2 fb'^ 471.5 746.5 2.9 fb'^ 
T2 (cut on me^i^) 56.2 692.7 165 fb"^ 35.1 713.8 > 300 fb-^ 



Table 24: Number of signal (S) and background (B) events with m^^^j > 150 GeV for 
30 fb~^, and luminosity L required to have a 5a discovery in the £^i^ final state, at 
the pre-selection level without event reconstruction. 

The signal significance can be improved with signal selection criteria and invariant 
mass reconstruction. For event selection we require: 

(i) missing energy j/r < 30 GeV; 



66 





Figure 33: Up: Kinematical distribution at pre-selection of the like-sign dilepton in- 
variant mass m£j£2 for the fermion triplet signals in scenarios Tl (left) and T2 (right). 
Down: £1^2 invariant mass distribution for the SM and the SM plus the signal in the 
scenarios Tl (left) and T2 (right). The luminosity is 30 fb~^ in all cases. 



(ii) the presence of four jets with pt > 20 GeV. 

This event selection is slightly different from the one chosen for the heavy neutrino 
singlet (]/t< 30, four jets with no b tags and back-to-back leptons) because the signals 
are quite different and the mass reconstruction in the triplet case requires four jets. The 
number of events at the selection level is given in Table [23l Given the fact that some 
of the decay channels in Eqs. (I82ll do not involve the production of extra quarks but 
undetected neutrinos, the signal is reduced. This can already be seen by examining the 
multiplicity distribution in Fig. [3l] (left), which has been normalised for convenience. 
The requirement of no missing energy, whose normalised distribution is displayed in 
Fig. [34] (right) also suppresses the signal channels involving final state neutrinos but 
does not significantly affect final states which already have four jets. 

Although not strictly necessary to have evidence of new physics, the kinematical 
reconstruction is convenient to identify the type of new physics and to gain a higher 
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Figure 34: Left: Jet multiplicity of the SM background and the fermion triplet signals in 
like-sign dilepton final states at pre-selection level. Right: missing energy distribution. 



signal significance. In order to do this, we reconstruct the kinematics as corresponds 
to the decay channels with production of four quarks: 

1. We associate each charged lepton to a pair of jets in all possible ways, using the 
four jets with larger px- 

2. Among the six possibilities, we choose the one minimising the difference between 
the two ii and the two £jj invariant masses, 

("^iii2 - 'mizhf + i.'rnhhh - ^^23zHf ■ (84) 

Note that for the leading signal contributions two of the jets in principle corre- 
spond to a hadronic W decay and the other two to a Z or Higgs boson decay. 
However, if a wrong assignment is made, it is expected that the invariant mass 
differences will be larger. 

Both heavy states N give as decay products one charged lepton and two jets, and 
they cannot be easily distinguished. Then, we label the heavy states as Si and S2, 
corrsponding to the leading and sub-leading lepton. A discrimination based on the 
two-jet invariant mass (it should be smaller in average for the two jets coming from 
the iW — ^ iqq' decay than for E iZ/H — > iqq) is not very significant. We 

point out that, unlike other final states studied, here no information is gained about 
the nature of the two resonances because the jet charges are not measured. 

The mass reconstruction is excellent for scenario Tl, and both distributions display 
clear peaks at = 300 GeV and small tails, as it can be observed in Fig. [351 On the 
other hand, for scenario T2 the distribution is very broad, and with very few events. 
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Figure 35 
in the 



Reconstructed triplet masses in scenarios Tl and T2, without background, 
^ final state at the selection level. The luminosity is 30 fb~^. 



We present in Fig. [36] the two distributions for scenario Tl including the background, 
in order to show how the presence of the signal would manifest. For scalar triplet 
signals less than one event survives the selection criteria adopted here, because jets are 
not produced in the hard interaction. Neutrino singlet signals also have a smaller jet 
multiplicity, which makes them unobservable if one requires four jets in the final state. 




lec rec 



Figure 36: (left) and (right) distributions for the SM and the SM plus the 
fermion triplet signal in scenario Tl at the selection level. The luminosity is 30 fb~^. 



The signal significance is estimated for the peak regions 

250 < m'-il < 350 GeV , 

250 < m'il < 350 GeV (85) 

neglecting the uncertainty in the background normalisation (which is not very impor- 
tant since the background itself it is very small for the discovery luminosity). The 
results are included in Table [251 
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Case (a) 
S B L 

Tl (cut on m'jfi > ^Sa) 177.8 19.5 1.7 fb'^ 



Table 25: Number of signal (S) and background (B) events in the m^^ and m^^ peaks 
(defined in the text) for 30 fb~^, and luminosity L required to have a 5a significance 
for the peaks in the plus four jet final state. 

Finally, as it happens in the i'^i'^P final state, the reconstructed opening angle 
distribution shows large deviations from the theoretical expectation due to detector 
effects, and the use of correction functions is required. 



6.8 Final state ri'jjjj 



The large SM backgrounds make final states with two opposite charge leptons very 
demanding, even when the charged leptons have different fiavour. Nevertheless, these 
final states must be studied to check the consistency of a possible discovery in the 
like-sign dilepton channels. Opposite sign pairs can be produced for example in the 
decay modes 
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-3 
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-2 



(86) 



Performing an inclusive opposite-sign dilepton search of these signals is hopeless, be- 
cause they are produced at an invariant mass which is not sufficient to separate them 
from the background!^ Thus, we concentrate on final states with four jets. 

Contrarily to what has been recently claimed [37], we find that e^iJ^ final states 
with charged lepton fiavour violation provide little advantage for the detection of the 



®Note that a Z' boson decaying to I'^l^ produces opposite charge leptons with invariant mass 
m£+i- ~ Mz' with a cross section enhancement from the on-shell Z' propagator, and thus the signal 
is quite easy to see. On the contrary, E~ , E^N production is different because (i) the cross section 
does not have such an enhancement, and (ii) the dilepton invariant mass distribution is broader, and 
dileptons produced at high invariant mass are rare. 
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heavy triplet signal, due to the large LFV backgrounds. This can be easily understood 
with a simple counting argument. As we will find in the following, the SM background 
after selection cuts is mainly constituted by ttnj (and similar processes involving WW 
decay) and Z* /Y nj production, with the latter being two times larger than the former. 
WW decays give e~^e~, fJ^'^fi' and e^/x^ final states in the ratio 1:1:2, while 
Z*/'y*nj gives approximately an equal number of e"'"e~ and final states (up to 

different detection efficiencies). Then, the e~^e~^, f^^f^~ and e^/x"'' components of the 
SM background are approximately 

5 5 1 

Bee = , Bf,^ = —B , = -B . (87) 

On the other hand, e^/x^ signals are only possible if the triplet simultaneously couples 
to the electron and muon. LFV signals are largest when VeN = V^n, so that the e~^e~ , 
and e^/i"^ signals are produced with cross sections in the ratio 1:1:2, the 
total cross section being independent of the triplet mixing. Then, in a maximally LFV 
scenario 

111 

See = , S^^ = , Sen ~ 2*^' ^^^^ 

where S is also the signal in the lepton fiavour conserving (LFC) case, which is the 
one considered here. A straightforward calculation shows that after combining the 
statistical significance S/ ^/B of the different channels, in a LFV scenario the signal 
can be seen with a significance at most 1.34 times larger than in a LFC one0 As we 
have done for the analysis of other channels, we will sum final states with electrons 
and muons. Our pre-selection criteria are: 

(i) two opposite charge leptons with pt > 30 GeV and an invariant mass larger than 
200 GeV; 

(ii) four jets with px > 20 GeV. 

The number of events at this level of event selection is collected in Table [26l As in 
like-sign dilepton final states, backgrounds involving extra neutrinos can be reduced 
by requiring small missing energy. Additionally, the reconstruction of the two heavy 
states can be done in the same way as in the like-sign dilepton final state of the previous 
subsection, and the reconstructed invariant masses for the signal are very similar to 
those obtained there. The selection criteria used for the analysis are: 

^°In the LFC case we conservatively sum all dilepton backgrounds to take all possible triplet cou- 
plings into account. A triplet with a definite coupling will not contribute to all final states, and in 
this case the statistical significance of the signals will be slightly better. 
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Pre-selection Selection Pre-selection Selection 

E+E- (Tl) 184.9 98.9 ttnj 18017 762.4 

E^N (Tl) 214.2 112.7 tW 1180 53.8 

E+E- (T2) 5.0 0.2 WWnj 784.5 40.6 

E^N (T2) 7.7 0.4 Z*/-f*nj 6330 1966.8 



Table 26: Number of events for the t^l jjjj signals and main backgrounds for a 
luminosity of 30 fb"^. 




0.20 




Figure 37: Up, left: normalised missing energy distribution of the SM background and 
the fermion triplet signals in i'^i'jjjj final states at pre-selection level. Up, right: 
transverse momentum of the leading charged lepton. Down: dijet invariant masses 
reconstructing the bosons decaying hadronically. 



(i) missing energy j/t < 30 GeV; 

(ii) the leading charged lepton £i must have transverse momentum > 100 GeV; 

(iii) the two-jet invariant masses rrij^j.^ and rrij^j^, which reconstruct the W/Z/H 
bosons decaying hadronically, must be both within 50 and 150 GeV. 
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The kinematical distributions of these variables are presented in Fig. [371 The missing 
energy cut requirement greatly reduces the ttnj background, being also convenient to 
require an energetic lepton. Unfortunately, these cuts also remove most of the signal 
in scenario T2, although in Tl it is practically unaffected. 

Due to the large background, the peaks in the reconstructed mass distributions 
produced by the signal are small. They are shown in Fig. [38l for the two states Si and 
E2 involving the leading and sub-leading charged leptons, respectively. 
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Figure 38: m^^ (left) and m^^ (right) distributions for the SM and the SM plus the 
fermion triplet signal in scenario Tl at the selection level. The luminosity is 30 fb~^. 



The significance of the peaks is moderate. We select the peak regions 

260 < m'^T < 340 GeV , 

260 < mg^^ < 340 GeV , (89) 

and give in Table [27] the number of signal and background events, as well as the 
luminosity needed to have 5a significance, if: (a) the background normalisation is 
neglected, and (b) if background is determined from off-peak data. The first case is 
unrealistic, because typical normalisation uncertainties are of the order of 20%, and 
important in this final state where the background is large. In case that the background 
has to be normalised from data, the off-peak signal contributions will be taken as part 
of the background and so the peak significance decreases. 

Alternatively, one can perform simultaneous cuts on m^^ and m^^- The number of 
events in this case is S" = 160.1, B = 265.0. Assuming a 20% background uncertainty, 
the signal significance is 2. 880" for 30 fb~^, and the excess of events does not reach 
discovery significance even for much larger integrated luminosities because of the back- 
ground systematic uncertainty. Of course, kinematical cuts can be optimised for given 
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Case (a) Case (b) 

SB L S B L 

Tl (cut on m's'i) 171.0 681.5 17.4 Ib'^ 78.1 774.4 95 fb'^ 

Tl (cut on m'^^J 178.7 548.3 12.9 Ib'^ 78.8 648.2 78 fb'^ 



Table 27: Number of signal (5") and background (B) events in the m^*^ and m^^^ peaks 
(defined in the text) for 30 fb~^, and luminosity L required to have a 5a discovery in 
the C-^C-~ iiii final state. 

N masses, additional variables can be used and a likelihood method can improve the 
analysis, but the discovery potential is expected to remain below the other channels. 



6.9 Final state i^jjjj 

We finally turn our attention to signals with only one charged lepton, which can be 
produced in the decays 

E+N vW+ l^W^ , W ^qq' (Br = 1.28 x 10'^) , 

E^N ^ tZ/HvZ/H , Z^qq/vv,H^qq (Br = 1.82 x 10"^) , 

E+E~ ^ tZ/HuW- , Z qq/w,H ^ qq,W ^ qq (Br = 1.52 x 10~^) , 

E+E- uW+ rZ/H , Z qq/uu,H qq,W ^ qq' (Br = 1.52 x 10"^) , 

(90) 

and thus benefit from a large branching ratio. Nevertheless, backgrounds are very large 
as well. We concentrate on final states with four jets, asking as pre-selection criteria: 

(i) one charged lepton with > 30 GeV and missing energy ^ > 50 GeV, which 
must have a transverse mass 

M| = 2pyT (1 - COS 0t) > (200 GeY f , (91) 

where 0^ is the angle in the transverse plane between the charged lepton and the 
missing energy; 

(ii) four jets with px > 20 GeV, and no 6-tagged jets. 

The number of signal and background events fulfilling these criteria are gathered in 
Table [28l The cut on transverse mass is performed to reduce backgrounds in which 
the charged lepton and neutrino result from a W boson decay, such as Wnj, for which 
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Pre-selection 


Selection 




Pre-selection 


Selection 


E+E- (Tl) 


188.5 


109.8 


tw 


440.7 


171.6 


E^N (Tl) 


443.7 


262.9 


Wnj 


15146 


5538 


E+E- (T2) 


26.9 


11.2 




455.9 


161.4 


E^N (T2) 


64.4 


28.1 


WWnj 


661.7 


200.8 


ttnj 


3678.7 


1204.2 









Table 28: Number of events for the i jjjj signals and main backgrounds for a lumi- 
nosity of 30 fb~^ 

Mt < My/- However, due to energy mismeasurements the Wnj background cannot 
be completely removed, and dominates due to its huge cross section. We also point 
out that 4/5 of the Wnj background comes from parton-level multiplicities n = 0, 1, 2, 
which contribute to four jet final states due to pile-up. The second largest background 
is ttnj in the dilepton decay channel, with one W boson decaying into a r which 
subsequently decays hadronically, or decaying into an electron or muon which is missed 
by the detector. This background is also reduced by the requirement of no h tags. 

Events can be reconstructed as in the dilepton final states but replacing the second 
lepton by the missing momentum vector (taking the third component equal to zero). 
The dijet invariant mass distributions are very similar. As selection criteria we impose 
that: 

(i) The charged lepton must have transverse momentum > 100 GeV. 

(ii) The two-jet invariant masses rrij^j^ and m^gj^ which reconstruct the W/Z/H 
bosons decaying hadronically must be both within 50 and 150 GeV. 

The number of events after selection are given in Table EH For completeness, the 
heavy lepton reconstructed masses (corresponding to the charged lepton plus two 
jets) and (formed with the missing energy and the other two jets) are presented in 
Fig. [39] for the two scenarios, without background. While the reconstruction of Si is 
still very good, the reconstruction of the other state from missing energy and two jets 
gives a distribution much wider. The small bumps caused by the presence of the signal 
would be very difficult to spot over the background if this is not theoretically predicted 
with a good accuracy, as it is apparent from Fig. [39] (down) , and the significance is 
difficult to estimate without a detailed calculation of the background uncertainty, which 
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Figure 39: Up: Reconstructed triplet masses in scenarios Tl and T2, without back- 
ground, in the i'^jjjj final state at the selection level. Down: reconstructed masses 
with background, in scenario Tl. The luminosity in all cases is 30 fb~^. 

is beyond the scope of this work. The number of events in the peak regions 

260 < m'i^^ < 340 GeV , 

200 < mg[ < 400 GeV , (92) 

is S* = 232.4, B = 1328.0 for 30 ih^^. This amounts to 6.3a if the background 
uncertainty is neglected, but less than la if a 20% uncertainty is assumed. Further 
improvements can be made optimising the analysis with a likelihood method, and it is 
expected that 3a could be reached for 30 fb~^. 

6.10 Outlook 

Fermion triplet production pp — * E^E~ , E'^N leads to a plethora of possible final 
state signatures after the heavy leptons decay 

E^ vW^ / E^ ^ / E^ ^ , 

N rW+ / N ^ i+W- / N ^ uZ / N ^ uH , (93) 
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and the W, Z and H bosons decay to hadrons or leptons. In this section we have studied 
the fermion triplet signals classifying the experimental signatures by their charged 
lepton multiplicity. Some final states are characteristic of E~^E~, E^N production 
and are not present in other seesaw scenarios, namely 

• Six lepton final states 

• Five lepton final states 

• Four leptons i'^i'^i'^i'^ with total charge Q = ±2 

• Three like-sign leptons 

The six lepton signal has a too small branching ratio to be useful. The signals with five 
leptons and three like-sign leptons are small but could be observed with a luminosity 
of 30 fb~^ in the case of a triplet mass mE,N — 300 GeV, coupling to either the electron 
or muon. The Q = ±2 four lepton signal is more interesting, and it could be observed 
with half the luminosity. Additionally, in this channel the E mass can be reconstructed 
as a three-lepton invariant mass, providing evidence for E production. For much larger 
luminosities, the opening angle distribution can be tested as well. 

Final states common to seesaw II signals are 

• Four leptons with total charge Q = 

• Three leptons 

• Two like-sign leptons 

• Two opposite sign leptons 

• One lepton 

Among these, the first two final states are very interesting. The signal can 

provide 5(7 evidence already with 6 fb^^ for a triplet with uie^n = 300 GeV, coupling 
to the electron or muon. Moreover, the E mass can be reconstructed as a sharp peak 
in a three-lepton invariant mass, providing clear evidence for E production, and the E 
opening angle distribution can be clearly reconstructed. The i'^i^i^ signal has even 
better discovery potential: for the same triplet parameters it can be discovered with less 
than 3 fb~^. Additionally, it provides evidence for N production, whose mass can be 
reconstructed (in final states with two additional jets) from two opposite sign leptons 
plus the missing energy, the resulting distribution displaying a sharp peak at ttiat. These 
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two signals can be cleanly distinguished from seesaw II signals by (i) the analysis of 
the like-sign dilepton invariant mass distribution, and (ii) the E, N reconstructed mass 
distributions. We also point out that if heavy neutrino triplets are not Majorana but 
(quasi-)Dirac particles, the trilepton final state is the most interesting one as well [64]. 

The like-sign dilepton final state has been considered in previous literature [18,37] as 
the most important triplet signal. We have found that its discovery potential equals the 
one of the The invariant mass of the heavy states can be reconstructed in final 

states with four additional jets, giving evidence for the production of two resonances 
with equal mass. Their nature, however, cannot be established because the jet charge is 
very difficult to measure. Apart from the mass reconstruction, the fermion triplet signal 
in this final state can be distinguished from scalar triplet production by the dilepton 
invariant mass and also by the presence of additional jets. Heavy neutrino singlet 
production also leads to like-sign dilepton signals, but with smaller jet multiplicity and 
smaller dilepton invariant mass in general. 

The final state is very demanding, and in order to make the backgrounds man- 
ageable four hard jets are required in addition to the charged leptons. Still, backgrounds 
are very large, in particular from Z*/Ynj and tinj production. The mass reconstruc- 
tion can be performed as in the like-sign dilepton channel to reduce backgrounds, but 
still the signal is very difficult to observe unless the background uncertainty (theoreti- 
cal, as well as from the luminosity and detector effects) is under very good control. In 
contrast with recent claims [37] (and in agreement with previous literature [29]), we 
have found that looking for explicitly LFV e^/i^ final states represents little improve- 
ment. In a maximally LFV scenario with VeN = V'^jv, the improvement in the signal 
significance S/^/B is of only 30% over a LFC scenario with VeN = or V^^n = 0. This 
is due to the large tinj background, which gives e^/x^ final states in the dilepton decay 
channel. 

Finally, signals with only one charged lepton suffer large backgrounds from all sort 
of SM processes, even if one requires four hard jets and large missing energy in the 
events. The background with the largest cross section is Wnj, and it cannot be fully 
removed as suggested in Ref. [37] by the use of the transverse mass between the charged 
lepton and the missing momentum, ttnj in the dilepton decay channel is another large 
source of background, when one of the charged leptons is a tau or it is missed by the 
detector. This background cannot be removed with transverse mass cuts because of the 
presence of at least two neutrinos from different W decays. After event reconstruction 
and invariant mass cuts the significance of the signals is below la, but can be certainly 
improved if a more sophisticated analysis is used, which is beyond the scope of this 
study. 
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7 Conclusions 



In this paper we have classified and studied possible miilti-lepton signals of seesaw 
messengers at LHC, namely heavy neutrino singlets (seesaw I), scalar triplets (seesaw 
II) and fermion triplets (seesaw III) . For seesaw II scenarios we have assumed that the 
triplet vev va is small, so that dilepton channels dominate the decay of the new scalars. 
Although this may not necessarily be the case it is a plausible assumption, provided 
that the triplet Yukawa couplings to the charged leptons are not much smaller than the 
smallest of the SM Yukawa couplings to the Higgs boson. For seesaw III scenarios we 
have assumed that the mixing between the light and heavy sectors is not unnaturally 
suppressed, so that the triplet decays to leptons plus gauge or Higgs bosons dominate. 
We have set a relatively low scale for the new states, 100 GeV for heavy neutrino 
singlets and 300 GeV for scalar and fermion triplets. For the latter two cases, such 
masses would allow a discovery with the first few fb~^ of LHC data. 

Seesaw signals involve multi-lepton production, thus an adequate classification is 
in terms of charged lepton multiplicity. This is also very convenient in terms of the 
experimental searches. Although some of the signals involve the production of extra 
quarks, further discrimination by using jet multiplicity is difficult, because the corre- 
spondence between the number of quarks at the partonic level and the number of jets 
measured in the detector is not univocal, due to radiation and pile-up. 

Nine diff'erent final states have been studied, involving up to six charged leptons. 
An important feature of our analysis is that for each final state all signal contributions 
have been included, within a given scenario. For heavy neutrino production we have 
used the Alpgen extension in Ref. [29], while for scalar and fermion triplet production 
we have developed a Monte Carlo generator Triada. For scalar triplet production a 
realistic assessment of the discovery potential must include scalar decays to tau leptons, 
especiallly for NH where they are dominant, and the subsequent tau decay. In the case 
of fermion triplet production, generating all signal contributions is involved. For E'^E~ 
production there are 289 different final states with 128 different matrix elements, and 
for E^N there are 748 final states with 72 matrix elements. Backgrounds have been 
generated with Alpgen. Signals and backgrounds have been passed through the parton- 
shower Monte Carlo Pythia to add initial and final state radiation and pile-up, and 
perform the hadronisation of final state quarks and gluons. Finally, a fast simulation 
of the detector has been used. 

We have found that generating the complete signals and not just particular produc- 
tion or decay channels is essential, because for scalar and fermion triplet production 
most final states have contributions from several competing decay chains. For instance. 



79 



in scalar triplet production the most interesting final state is the one with three charged 
leptons i'^i'^i'^, which receives important contributions from both the and 
A^^A''' production processes. For fermion triplet production this final state is the 
most interesting one as well, and it receives contributions from 8 decay channels in 
E'^N production. Moreover, in general decay channels with larger lepton multiplicities 
contribute to signals with a smaller number of leptons when one or more of them are 
missed by the detector. 

The most relevant features of the signals studied have been outlined in sections 14.31 
15.61 and 16.101 and we refer the reader to those sections for a brief outlook. Table [29] 
summarises the possible signals which appear in each of the seesaw (I, II and III) sce- 
narios studied, with the luminosity required to discover them. In seesaw I we only give 
the numbers for a heavy neutrino coupling to the muon. For seesaw II we give values 
for both NH and IH, while for seesaw III we include results for a triplet coupling to the 
electron (for a muon the sensitivity is expected to be very similar). We also indicate 
whether the mass of the new particles can be reconstructed, which gives an additional 
evidence for the signal. For seesaw I the discovery luminosities indicated are rather 
conservative because the analysis is not optimised, to keep consistency with seesaw II 
and III, and, since heavy neutrino signals are much harder to see, the improvements 
are expected to be more significant in this case. 

In this work we have made special emphasis on the discrimination of the different 
seesaw models if a positive signal is observed. Table [29] shows that, if a positive signal 
is found, it should be possible to identify whether it corresponds to heavy neutrinos, 
scalar/fermion triplets, or other new physics, by analysing the different channels and 
performing the mass reconstruction. For larger luminosities the study of production 
angular distributions is possible, as it has been shown in several final states for scalar 
and fermion triplet signals. A rough estimate of the LHC discovery reach can be made 
by applying a simple rescaling of the results presented, obtaining that scalar triplets 
can be discovered up to 600 GeV (800 GeV) for NH (IH) with a luminosity of 30 fb~^. 
A fermion triplet coupling to the electron or muon can be discovered up to 750 GeV 
with the same luminosity. For neutrino singlets the more detailed results of Ref. [29] 
can be rescaled with the new upper bounds |VeArp < 0.0030, |V^Arp < 0.0032, to obtain 
that a heavy neutrino coupling to the electron can be discovered up to 120 GeV, and 
if it couples to the muon up to 155 GeV. These results are consistent with the ones 
in Table [29l because for larger niN the heavy neutrino signals can be separated from 
the background more easily, and also because the analysis in Ref. [29] is much more 
sophisticated. 

New interactions, which could lead to new processes in addition to the ones dis- 
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Seesaw I 
miv = 100 GeV 


Seesaw II 
ruA = 300 GeV 


Seesaw III 
ms = 300 GeV 


Six leptons 






X 


Five leptons 


- 


- 


28 fb-i 




- 


- 


15 fb-i 
rriE rec 







19 / 2.8 fb-i 
mA++ rec 


7 fb-i 
m^; rec 




- 




30 flj-i 




< 180 fb~^ 


3.6 / 0.9 fb-i 
mA++ rec 


2.5 fb-^ 
rriN rec 




< 180 fb"^ 
niN rec 


17.4 / 4.4 fb-i 
mA++ rec 


1.7 fb-i 
ms rec 


£+r 


X 


15 / 27 fb-i 
niA rec 


80 fb~i 
ms rec 




X 


X 


X 



Table 29: Summary of the final states studied for each seesaw scenario. A dash indicates 
that a given final state is not present. A cross indicates that the signal is produced 
but it cannot be seen, either because it is too small or because the background is too 
large. In each case we include the luminosity required for discovery for the parameters 
assumed, also indicating when the heavy mass(es) can be reconstructed. For seesaw II 
we give the results for NH and IH. 



cussed here, have not been considered in this work. It is interesting to discuss briefly, 
without a detailed simulation of those signals, how one might in principle distinguish 
some of these scenarios from the ones studied here. In models with left-right symmetry 
heavy neutrino singlets can be produced through s-channel W {Wr) exchange [39-42] 

qq' ^m. (94) 

This process gives the same dilepton and trilepton final states as W exchange but 
with large transverse momenta, which are not possible without new interactions. Four 
and five lepton signals are not produced. The W transverse mass could also be kine- 
matically reconstructed [41,42]. A relatively light leptophobic Z'^ boson can produce 
neutrino pairs in the process [43] 

qq^ Z'^^ NN . (95) 
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The £ £ and £ £ £^ signals would be similar to the ones of a fermion triplet, but the 
E reconstruction in four lepton final states (from three charged leptons) would be a 
clear indication for fermion triplet production, and in —> NN the Z' mass could 
be reconstructed. New gauge bosons might also contribute to the production of scalar 
and fermion triplets, and their presence would be seen by examining the invariant mass 
distribution of all the produced particles. Besides, it is likely that new interactions 
would be observed in other production processes not involving seesaw messengers. 

Finally, it is worth mentioning that, since this study has been done at the level of 
a fast detector simulation, we have not addressed charge misidentification. Its effect 
may be important in like-sign dilepton final states, because the cross section for Z* /Y 
production at LHC is very large. However, for final states with more leptons, e.g. 
I'^l'^l'^ ^ which are the most interesting ones in terms of discovery potential, its impact 
in the final results is expected to be small. Hence, our results are not expected to 
change dramatically with a full detector simulation, which must anyway be performed 
to confirm them and to compare with real data. 
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A Feynman rules 

We give here the Feynman rules used in our matrix element calculations. For LNV 
processes we use the method in Ref. [101], which allows to use standard propagators 
avoiding to introduce explicitly the charge conjugation matrix in the Feynman rules. 
With these prescriptions, the resulting Feynman rules are especially useful for their 
implementation in Monte Carlo generators. The rules for propagators are the usual 
ones, and external legs are taken following the flow deflned in the fermion lines. More 
details can be found in Ref. [101]. 
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-igY 



E N 



E N 

A„ 




igcwT 




E 



E 



Table 30: Feynman rules for heavy fermion triplet gauge interactions. 




N N t^i 



Table 31: Feynman rules for heavy neutrino singlet {rj = 1) and triplet (rj = — 1) 
interactions with SM fermions. The fermion flow is indicated with an arrow. 
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E 




-igVCj^rPR. 




E 




-igViNi'^Ph 




^9 



V2, 



cw 



VCnI^Pl 



H 



E 



H 



igniE 



V2M, 



VinPb. 



w 



E 



igrriE 



V2M, 



Vi*nPl 



w 



Table 32: Feynman rules for heavy charged lepton interactions with SM fermions. 



w- 



A++ 



A- 



-ig{p2-piy 



-ig{pi - 



P\y' '■-^1 
A++ ' " A- 



^(\-2sl,){v2-piT 

Cw 



P\^.' --^P2 



A+ A- 



-^sUP2-Pir 

Cw 



i2e{p2 -piY 



ie{p2 -piY 



A+ 



A- 



Table 33: Feynman rules for heavy scalar triplet gauge interactions. 
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A++ 



i2YjkPL 





A+ 





Table 34: Feynman rules for heavy scalar triplet Yukawa interactions with charged 
leptons. The fermion flow is indicated with an arrow. 
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